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Homogeneous catalysts demonstrate the ability to perform extremely selective or-
ganic syntheses with high yields.  These catalysts are usually quite expensive and the 
commercial viability of processes that use homogeneous catalysts depends on the effi-
ciency of catalyst recovery, which is normally quite complex.  This obstacle often 
excludes the use of homogeneous catalysts from commercial processes.  This work 
investigates the implementation of membranes as the unit operation for catalyst recovery 
as a means to expand the use of homogeneous catalysis. 
The oxo hydroformylation of 1-dodecene catalyzed by a rhodium-triphenyl-
phosphine [RhH(CO)(PPh3)3] catalyst, a soluble transition metal complex, has been 
investigated as a model reaction to determine the membrane property requirements and 
transport phenomena present in membrane-mediated homogeneous catalyst recovery.  
The large size of the rhodium catalyst – and many other transition metal catalysts em-
ployed in organic synthesis (>400 Da) – relative to other components of the reaction 
provides the opportunity for a membrane separation based on retention of the catalyst 
species while permeating the other components.  This liquid-phase organic synthesis 
presents the challenge of developing a membrane that is resistant but highly permeable to 
the organic chemicals of the reaction – which are typically quite aggressive to polymers – 
while at the same time maintaining the membrane’s ability to reject the catalyst. 
The membrane materials considered for this separation are blends of a high-
performance commercial polyimide, Matrimid®, with a diacetylene-functionalized 
crosslinking agent.  Characterization of the crosslinking agent has shown that it contains 
 
xvi
two reactive functionalities, diacetylenes and terminal acetylenes.  Each of these groups 
can be activated by thermal treatment at 250 °C for 24 hours to form a distributed net-
work.  Blending of these crosslinking agents with Matrimid has been performed for the 
purpose of enhancing material stability in the aggressive environment of the homogene-
ous catalysis solution. 
Mixtures of crosslinking agent with Matrimid form compatible blends up to 10 
wt% crosslinking agent content.  Blends of 5 wt% (5% Blend) and 10 wt% (10% Blend) 
crosslinking agent in Matrimid exhibit two different morphologies.  The 5% Blend 
appears to form a semi-interpenetrating network (s-IPN) with the crosslinking agent 
forming a network surrounding the host Matrimid.  Blends containing 10% crosslinking 
agent exhibit a phase-separated morphology with domains of crosslinking agent dispersed 
in a continuous phase that is likely an s-IPN. 
The blends enhanced the material stability and reduced polymer swelling in tolu-
ene, the model reaction solvent, as demonstrated in toluene sorption experiments.  Heat 
treatment (250 °C for 24 hours) of Matrimid alone can also impart increased solvent 
resistance.  The average reduction in Matrimid’s sorption of toluene through heat treat-
ment is 22% with the crosslinking agents adding another 7% reduction beyond that.  
Solvent sorption is sufficiently high to cause a transition in the polymers from a glassy to 
rubbery state as indicated from the sorption studies and toluene fluxes through the 
materials. 
These materials have proved to be capable of permeating solvent and product at 
high fluxes while restricting the permeation of the rhodium-triphenylphosphine catalyst 
ligand complex.  The 10% Blend gives the highest catalyst rejection at 91.5%.  Rejection 
 
xvii
efficiencies were: 10% Blend > 5% Blend > Matrimid.  An estimate of the membrane 
area requirements using the properties of the 10% Blend indicate the feasibility of this 
material and membranes in general as a means to recover homogeneous catalysts. 
In the investigation of separation characteristics of homogeneous catalyst recov-
ery, it was found that flux coupling significantly affects the solute rejections that can be 
achieved by the membrane.  Therefore, an analysis of the membrane transport observed 
in this work has been performed using modified Maxwell-Stefan equations, which 
describe multicomponent and coupled transport well.  In this treatment, it was found that 
sorption of both the solute and solvent are key factors that influence coupling (with 
increasing levels of both increasing coupling) and consequently the level of solute 
rejection that can be achieved by the membrane.  Lower sorption and diffusivity of the 
solute relative to the solvent both result in improved rejection, with sorption as the 
dominant factor of the two.  Further analysis relating membrane material properties to the 
observed transport is contained in the following chapters with the aim of aiding future 









Homogeneous catalysis is an area rich with opportunities for the implementation 
of membranes as a means to recover and reuse catalysts.  This work endeavors to expand 
the understanding of the factors governing transport in this type of membrane process.  In 
its execution, novel membrane materials have been evaluated.  Therefore, the overarching 
themes of this work are the characterization of these materials and assessment of their 
feasibility as homogeneous catalyst recovery membranes.  The following chapter is an 
introduction to the concepts of membrane technology and the concerns relevant to the 
catalyst recovery application. 
 
1.1 Membrane Technology 
Membranes can offer a simple means of achieving a chemical separation.  A 
membrane material’s ability to preferentially transport one component over another, even 
at equal driving forces,1 allows the separation to occur.  There are two main routes, or 
membrane separation mechanisms, that can be exploited in a membrane material.  One is 
the use of materials with fine pores, on the order of 0.1 to 10 µm,2 to sieve particles larger 
than the pore diameters and allow smaller species to pass through the membrane.  These 
microporous membrane materials perform well in applications with heterogeneous or 
macromolecular species that are to be rejected by the membrane.  For separations involv-
ing species with size differences on the molecular scale or species of similar size, non-
porous, dense membranes are used.  In these membranes, the separation is based on the 
 
1
relative transport rates of components through the material.  These transport rates are 
determined by the component solubility and diffusivity in the membrane material.3  As 
will be discussed in Section 1.2, the nonporous, dense membrane type is the focus of this 
research due to the small scale of the species to be retained by the membrane in most 
homogeneously catalyzed organic syntheses.  These membranes can achieve remarkably 
high separation selectivities based on very subtle differences in component size.  For 
example, oxygen and nitrogen have kinetic diameters of 3.46 and 3.64 Å, respectively,4 
and many glassy polymers (polymers below their glass transition temperature, Tg) have 
oxygen diffusivities in excess of six times greater than nitrogen.5 
A majority of membranes in research and commercial use are organic polymers, 
owing to their facile processing into viable membrane forms and the variety of polymers 
available, as well as the ability to synthesize novel polymer structures.  It is evident from 
the body of membrane research that the nature of the polymer material has a strong 
influence on species’ permeation rates in nonporous membranes.  Although, in general, 
membrane material selection is an empirical procedure, trends in the variance of mem-
brane transport as a function of properties such as polymer free volume, composition of 
the polymer backbone, and polymer chain rigidity are fairly well understood.  These 
structure-property relationships allow membrane researchers to better exploit the array of 
synthetically attainable polymers. 
Membrane research can take a variety of approaches.  Application specific studies 
conducted to optimize membrane material selection, evaluation of new membrane 
materials, and demonstration of new membrane applications are among some of the 
routes pursued by membrane researchers.  In the research presented here, novel polymer 
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materials have been investigated for their applicability in a homogeneous catalyst recov-
ery in an organic synthesis, focusing on the latter two research areas cited.  Homogeneous 
catalyst recovery has not received much attention as a membrane application, due in part 
to some of the difficulties it presents.6  The opportunities and challenges for membranes 
as a unit operation in homogeneous catalyst recovery will be presented in the following 
sections. 
 
1.2 Membrane Recovery of a Homogeneous Catalyst 
Homogeneous catalysts demonstrate the ability to perform extremely selective or-
ganic syntheses with high yields.  However, heterogeneous catalysts are used in roughly 
85% of all catalytic processes7 owing to their greater range of thermal stability and 
general ease of separation, but inclusion of homogeneous catalysts into industrial proc-
esses is increasing as a result of their routinely higher selectivity and activity than their 
heterogeneous counterparts. 
Soluble transition metal complexes are homogeneous catalysts that are capable of 
catalyzing a wide range of organic syntheses.  Transition metal catalysts can provide 
extremely selective reactions that are faster and require fewer steps than stoichiometric or 
heterogeneously catalyzed reactions.  However, these catalysts are usually expensive and 
the commercial viability of processes that use them depends on the efficiency of catalyst 
recovery, which is normally quite complex.  Typically, conventional separation steps 
such as distillation or extraction result in degradation of the thermally and chemically 
sensitive catalysts.  The factors of unacceptable catalyst losses in the product stream, 
through degradation, or both, coupled with poor process economics are the primary 
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reasons for the limited use of homogeneous catalysis in commercial processes.  Mem-
branes, due to their lack of thermal input, general chemical inertness, and energy effi-
ciency are a potential means to circumvent these deleterious effects and effectively 
recover and recycle transition metal catalysts. 
Dense, nonporous membranes can be used to selectively restrict permeation of the 
catalyst, which is typically large (>400 Da) relative to reaction product(s), while allowing 
the smaller, more permeable product(s) to pass through the membrane.  A generic process 
approach to membrane recovery of a homogeneous catalyst is a system that has effluent 
from a reactor fed to a membrane separator that, under an imposed driving force (gener-
ally pressure), selectively retains the dissolved catalyst and permeates the product.  The 
portion of the feed to the membrane that does not permeate through (defined as the 
“retentate”) is catalyst-rich and recycled back to the reactor for further reaction. 
 
1.3 Membrane Stabilization 
The use of polymers as membrane materials for organic liquid separations is lim-
ited.8  Many chemicals involved in organic synthesis are aggressive towards polymers.  
Because many commercially available polymers have an organic based repeat unit, the 
“like dissolves like” rule of thumb of solution chemistry is applicable and membranes 
made of these polymers tend to swell or even dissolve in an organic fluid environment.   
A major criterion for a membrane material to be utilized in a catalyst recovery operation 
is stability in the reaction environment.  Catalytic reactions are typically run in solvent-
rich environments that not only affect the long-term structure of a membrane polymer, 
but also the transport properties of the membrane due to polymer swelling and plasticiza-
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tion that are likely to occur.  Under these conditions, membrane separation performance 
often degrades and stabilization of the membrane material is necessary. 
Stabilization can be achieved through a variety of routes.  Material selection, 
blending, and crosslinking are methods that have been employed in similar environments 
to that of an organic synthesis and will be covered in more detail in subsequent sections 
of this thesis.  In most cases, stabilization of a membrane material results in a compro-
mise of membrane productivity, in terms of flux, in order to gain separation selectivity.  
This can often lead to fluxes that are too low for a membrane to be a viable unit opera-
tion.  This work uses the stabilization method of polymer blending combined with 
covalent crosslinking.  A commercial polyimide, Matrimid®, has been blended with 
crosslinkable oligomers functionalized with diacetylene groups that can be thermally 
crosslinked.  In this manner, a polymer with high productivity has been combined with a 
crosslinkable component, with the objective of increasing the selectivity of the blend, 
while retaining some the productivity of the original material. 
 
1.4 Research Objectives 
The objectives of thesis research fall into two basic areas:  membrane stabilization 
through blending with diacetylene-functionalized crosslinking agent and assessment of 
the feasibility of these materials for use as membranes for homogeneous catalyst recov-
ery.  In each case, the analysis draws from existing theories of polymer physics and 
transport so that the conclusions can be extended beyond the specific applications exam-
ined.  Further detail on each objective is provided below. 
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1.4.1 Stabilization with Crosslinked Polyimide Blends 
Development of polymer materials that are stable in aggressive environments is 
requisite for membrane recovery of a homogeneous catalyst, as outlined in Section 1.3.  
Polyimides have demonstrated their utility as membrane materials in a variety of applica-
tions including gas, vapor and liquid separations.9-13  Their chemical resistance allows 
polyimides to be used in a variety of applications.  Prior work of Rezac and Beckham14-17 
pertaining to gas separations has shown that further thermal and chemical stabilization of 
polyimides can be gained through the addition of crosslinkable diacetylene-
functionalized oligomers in polymer blends.  The same crosslinking method and blending 
has been extended to the aggressive solvent application of this research. 
The specific approach taken in this research is to blend a commercially available 
polyimide, Matrimid®, with the crosslinkable oligomers for the optimization of mem-
brane properties and economics.  In order to fully understand the impact of the blends on 
membrane properties, characterization of the diacetylene reaction and blend morpholo-
gies have been conducted.  In this manner, the practical and theoretical considerations for 
future work with these materials can be addressed in the conclusions. 
 
1.4.2 Proof of Concept for Homogeneous Catalyst Recovery 
Homogeneous catalyst recovery is a relatively new niche of membrane technol-
ogy.18  This work seeks to address the lack of information relating separation characteris-
tics to material properties, particularly in nonporous membrane media.  Additionally, it is 
of practical interest to examine the feasibility of using the materials outlined above for 
homogeneous catalyst recovery. 
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For these purposes, the hydroformylation of 1-dodecene has been analyzed as a 
model reaction for catalyst recovery.  This reaction is catalyzed by a large rhodium-
triphenylphosphine transition metal catalyst and is well suited for the membrane applica-
tion following the rationale of Section 1.2.  (Further details of the reaction are provided in 
Section 2.2).  Transport of the individual reaction components will be investigated to 
determine the mechanisms of separation in membrane permeation studies.  Further 
information on the effect of material properties on separation characteristics will be 
investigated by varying the concentration of crosslinking agent in blends with Matrimid.   
 
1.5 Organization of the Dissertation 
The thesis contains six subsequent chapters to address the above research objec-
tives.  Chapter 2 provides background information on transport in membranes as well as 
the model hydroformylation reaction used as a template for analysis.  Chapter 3 charac-
terizes the reaction of the diacetylene crosslinking agent and the morphology of blends 
with the commercial polyimide Matrimid® to provide some understanding of the material 
influence on transport properties observed in the subsequent chapters.  In Chapter 4, the 
stability of the materials in the model reaction solvent, toluene, is studied through analy-
sis of sorption in the polymers.  Chapter 5 provides a detailed investigation of the trans-
port of the various reaction components and ultimate catalyst recovery characteristics of 
the materials.  Chapter 6 provides an analysis of the observed transport (coupled flux in 
particular) in terms of Maxwell-Stefan equations for multicomponent mixtures.  Gener-
alizations for membrane recovery of homogeneous catalysts based on the transport 
models are also provided in Chapter 6.  Lastly, Chapter 7 provides a summary and 
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conclusions regarding the findings of this work as well as future directions for the homo-
geneous catalyst recovery process and the materials studied. 
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A review of material germane to the membrane recovery of homogeneous cata-
lysts is presented in this chapter.  An overview of membrane fundamentals and penetrant 
transport in polymers illustrates the factors that influence material selection.  Following 
that, a review of catalyst recovery and the model reaction highlights the considerations 
necessary for the membrane process.  The material presented here is intended as a general 
reference for the subsequent chapters.  More details specific to the chapter topics are 
addressed therein. 
 
2.1 Membrane Fundamentals 
2.1.1 The Solution-Diffusion Model 
The accepted model for permeation through a dense polymer film is the solution-
diffusion model.  This model describes the transport of a species through a membrane in 
three steps: (1) sorption of the solute onto the feed side of the membrane, (2) transport of 
the solute through the thickness of the membrane down a gradient in concentration, and 
(3) desorption of the solute into the fluid phase on the permeate side of the membrane.  
Steps 1 & 3 are referred to as “sorption” and Step 2 is “diffusion”.  This process is 












Figure 2.1: Schematic of transport of a binary mixture through a membrane fol-
lowing the solution-diffusion mechanism. 
 
Transport across the membrane is motivated through the driving forces of pres-
sure, concentration, temperature, and electromotive force (though not in consideration in 
this work).   These forces can all be described through the thermodynamic property of 
chemical potential.1  The flux of component i is related to the driving force of the gradi-
ent in chemical potential by a proportionality factor, Li (which is usually not constant) 
and the relationship: 
iii LJ µ∇−=  (2.1) 
can be used to describe the component’s transport through the film.  Since in most cases 
the membrane is viewed as an infinite plane sheet, the flux occurs only one dimension 









If a concentration gradient is the only driving force, the chemical potential is de-
scribed by the equation: 
)(dlnd iii cRT γµ =  (2.3) 
where γi is the activity coefficient relating concentration to activity.  Combining Eq. 2.3 










−=  (2.4) 
which is of the same form as Fick’s Law for diffusion through an isotropic medium.  This 
describes the diffusion of a component down a concentration gradient through random 
molecular motion, which is a governing equation for diffusion in polymer films.2  If Di, a 
concentration dependent diffusion coefficient averaged over the range of concentrations, 
replaces the RTLi/ci term, the familiar form of Fick’s Law is obtained.  Integrating Fick’s 










=  (2.5) 
with the superscript m indicating that concentration is that of the membrane phase and l 
as the membrane thickness.  Subscript o denotes the feed position of the membrane and 
subscript l denotes the permeate position in the membrane.  Thus, the term  is the 
concentration in the membrane of component i at the feed side. 
m
ioc
The solution-diffusion model can be used to describe all methods of membrane 
separations3 provided an equilibrium relationship between the penetrant in the membrane 
phase ( ) and the feed and permeate phases is established.  Equilibrium between the 





for most membrane processes,3 save those that involve a chemisorption mechanism, 
which are not in the scope of this research.  The use of a simple partitioning relationship 
for the concentration of a component in the continuous phase and the membrane at its 
surface, , illustrates the origins of membrane permeability.  Substituting this 








=  (2.6) 
The product of the partition coefficient and diffusivity is the membrane perme-
ability (Eq. 2.7).  Permeability is a property that is extensively used to characterize 
membrane transport and has the advantage of predicting component fluxes for varying 
driving forces.  Granted, many membrane separations do not follow the simple Henry’s 
Law equilibrium from which Eq. 2.6 was derived, but this simplified approach is pro-
vided to illustrate the manifestation of the solution-diffusion model as a permeability that 
is a function of solute diffusivity and solubility in the membrane material.  Application of 
solubility relationships for specific membrane processes still results in the fundamental 
characteristic of having penetrant solubility and diffusivity as the material properties that 
influence flux. 
iii KDP =  (2.7) 
Separation of mixtures in membranes is achieved through selective permeation of 
components.  Therefore, membrane material selection aims to maximize the difference in 
permeability among feed components.  Eq. 2.7 illustrates that this can achieved through 
the two processes of diffusion and sorption in the membrane material.  The challenge for 
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the membrane researcher is to find a membrane material that exploits differences in one 
or both of these properties for a given feed mixture. 
A value commonly used to characterize a membrane’s preferential transport of 
one component versus another is the ideal selectivity .  The ideal selectivity of a 
membrane for component A over B is shown in Eq. 2.8 and is simply the ratio of the 
permeability of component A to that of component B.  If this value is positive, then the 
membrane selectively transports component A.  Selectivity can be further broken down 
into its fundamental components of diffusivity selectivity, 
*α
Dα , and solubility selectivity, 
Sα  (Eqs. 2.9 and 2.10, respectively).  In many cases one of these properties dominates 
















=α  (2.10) 
Another quantity describing the separation characteristics of the membrane mate-
rials in this work is the rejection, ℜ  (Eq. 2.11).  The rejection is a measure of the mem-
brane’s ability to separate a dissolved solute from a feed solution and is expressed as a 
percentage of the feed concentration of solute retained by the membrane.  For a perfectly 
permselective membrane, 0=jlc , and ℜ =100%.  Unlike the ideal selectivity, which can 
be obtained from single component experiments, the rejection is a quantity that is ob-

















As previously stated, these are simplified models presented to illustrate the fun-
damental properties that can be manipulated by the membrane researcher to affect a 
separation through material selection.  Methods to determine permeabilities and their 
constituent properties for applications specific to this research will be given in Chapter 5 
and Appendix A.  Also, it should be noted that this development of membrane transport 
does not account for bulk flux effects and diffusion coupling, which influence the separa-
tions involved in this research and will be covered in detail in Chapter 6. 
 
2.1.2 Sorption and Diffusion in Polymers 
As conclusions in this research will be drawn on the basis of solubility and diffu-
sivity interactions between the mobile species and polymers being studied, a review of 
some of the fundamental factors controlling these properties is provided below. 
The thermodynamic interactions between the penetrant and the polymer dictate 
the level of sorption.  Physicochemical forces such as dispersion forces, hydrogen bond-
ing, and polarity influence the level of attraction of the polymer and penetrant mole-
cules.4  As these physicochemical forces increase between the polymer and the penetrant, 
so does the amount of penetrant sorbed.  When the forces of attraction are sufficiently 
strong, swelling of the polymer or dissolution results.  In the opposite extreme of forces 
of repulsion between the polymer and penetrant, the penetrant is absent from the mem-
brane phase.  Often in liquid separations, the solubility parameters of the permeating 
species can be used to predict their relative solubility in a membrane material.4 
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The rate of diffusion of a permeating species is dictated by its surrounding envi-
ronment.  In a dense polymer film, the permeant molecule is in contact with segments of 
the polymer chain.  An amorphous polymer, or amorphous portion of a semi-crystalline 
polymer, contains unoccupied regions between the polymer molecules resulting from 
packing defects called free volume.  The amount of free volume in membrane polymers 
is characterized by its fractional free volume (FFV).  A sorbed molecule occupies these 
gaps between the polymer segments.  The frequency and size of the motions of the 
polymer chains (and permeant molecule) are the determining factors for the rate of 
diffusion. 
Diffusion of a component through a polymer requires gaps in the polymer’s free 
volume equal to or greater in size than its own.  Mobility selectivity discriminates be-
tween solutes based on their size and frequency of their motion.  If the movement of a 
solute through a dense, isotropic polymer matrix occurs through a characteristic jump 
length, λ, and frequency, f, the diffusion coefficient can be described as: 
6
2λfD =   (2.12) 
The diffusion coefficient can be expressed as an Arrhenius relationship as a func-
tion of a preexponential factor, activation energy for diffusion, and temperature.5  The 
activation energy of diffusion has an inverse dependence on the size of the gap required 
for solute diffusion, indicating that diffusivity decreases for solutes of increasing size.6  
For catalyst recovery in nonporous membranes, this relationship allows for the faster 
diffusion of smaller species relative to the catalyst. For polymers above their glass 
transition temperature, called rubbery polymers, segments of the polymer chain can 
freely rotate around their axis.  These segmental motions are normally large in scale 
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relative to the penetrant molecule, and result in high diffusion coefficients relative to 
glassy polymers but usually at the expense of mobility selectivity. 
Increased segmental mobility of polymers can also occur as a result of plasticiza-
tion.  If a permeating component sorbs to a sufficient extent, interactions between the 
penetrant and polymer cause the polymer mobility to increase.  This results in increased 
diffusion coefficients for all components in the polymer.  Often the change in diffusion is 
greater for the larger species, resulting in a drop in mobility selectivity.  Plasticization is 
relevant to membranes for homogeneous catalyst recovery as a result of the typically high 
affinity polymers have for common solvents.  Techniques for the stabilization and 
plasticization reduction of polymers exposed to aggressive feeds are addressed in the 
following section. 
 
2.1.3 Membrane Stabilization Techniques 
Polymer modification for aggressive feed applications follows two general paths 
for gaining stability: restriction of polymer mobility or selection of materials with limited 
affinity for the penetrants.  Each of these methods involves a compromise in flux due to 
reduced diffusivity (mobility restriction) and / or sorption (limited affinity).  Typically a 
balance between flux loss and stability is achieved in the final material used for the 
membrane separations. 
The bulk of work with hydrocarbons in membranes is in pervaporation, a mem-
brane separation of a liquid feed mixture with a vapor phase permeate.  Examples of each 
of the two stabilization methods have been employed with success in pervaporation.  For 
the reduction of penetrant sorption in the membrane, blends or copolymers containing 
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functional groups that have alternating strong and weak interactions with the selectively 
permeating component can be employed for stability.  Using a solubility parameter 
approach to predict strength of interaction, Cabasso7 formed blends of cellulose acetate 
and a polyphosphonate that gave selective separations of benzene for a benzene / cyclo-
hexane feed mixture.  Tanihara et al.8 achieved a benzene selective material for the same 
separation with a copolymer containing alternating hard polyimide segments and soft 
polyether segments for this separation.  These are but two of a host of examples9-13 
highlighting the success of the solubility restriction approach to membrane stabilization.  
This type of approach for polymer selection is best suited for membrane separations that 
require a high degree of solubility selectivity.  Although the catalyst recovery application 
is predominantly based on mobility selectivity, the blends and copolymers are a valuable 
illustration of membrane stability that can be imparted through their use. 
Polymer stabilization via crosslinking achieves mobility restriction and this proc-
ess is more suited to size selective membrane processes.  In crosslinking, covalent or 
ionic bonds are formed between the polymer chains.  A requisite for membrane materials 
is the ability to process them into thin films.  Consequently, crosslinking of these materi-
als is performed in the solid-state after they are processed.  Several groups have devel-
oped stable materials for the selective pervaporation of hydrocarbons through post-
processed crosslinking of films.  The work of Okamoto et al.,14,15 Ren et al.,16 and Xu et 
al.17 with polyimides have shown increased polymer stability and membrane selectivity 
upon the introduction of crosslinks. 
Polyimides in general are good materials for organic liquid separations due to 
their chemical resistance.  Application of polyimides in nanofiltration studies (which 
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more closely resemble catalyst recovery) by White18,19 and Ohya et al.20 showed long-
term stability and selectivity for the rejection of higher hydrocarbons from low molecular 
weight solvents. 
The stabilization approach of this work is a combination of blending and 
crosslinking.  In an effort to achieve the balance between flux and selectivity, a high 
performance commercial polyimide, Matrimid® (manufactured by Ciba-Geigy), has been 
blended with a diacetylene-functionalized crosslinking agent (Figure 2.2).  The utility of 
blending a crosslinking agent with a high permeability host polymer has been demon-
strated by Bos et al.21 through reduction of plasticization of the blends in CO2/CH4 
separations.  Prior work with polyimides blended with a diacetylene-functionalized 
crosslinking agent22-24 has shown increased chemical and thermal resistance for blends 
compared to the host polymer, indicating the promise of these materials for the catalyst 










Figure 2.2: Structure of the diacetylene crosslinking agent (1,1-BTDA-DIA) 
used in this work. 
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2.2 Catalyst Recovery Background 
Because of their large size (>400 Da) relative to reaction products, transition 
metal catalyst recovery can be envisioned as a membrane process that restricts permea-
tion of the catalyst, while allowing the smaller, more permeable product(s) to pass 
through the membrane.  A generic process approach to membrane recovery of a homoge-
neous catalyst is a system to have effluent from a reactor fed to a membrane separator 
that, under an imposed driving force (generally pressure), selectively retains the dissolved 
catalyst and permeates the product (Figure 2.3).  The portion of the feed to the membrane 
that does not permeate through the membrane (defined as the “retentate”) is catalyst-rich 













Figure 2.3: General representation of homogeneous catalyst recovery 
 
Strictly speaking, Figure 2.3 is not necessarily a membrane reactor per se, but a 
reactor using a membrane as the unit operation to recover and recycle the catalyst.  Due 
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to the dependence of the catalyst and reactant concentrations on the membrane 
permeability, many people consider the two operations coupled and include them in their 
discussions on membrane reactors.25,26  The separation of the reactor and membrane unit 
has advantages such as: separating reaction and membrane engineering, scalability (with 
membrane modules), independent operating conditions (flow, mixing, temp.) in each 
unit, and capital cost (assuming that a true membrane reactor would have high engineer-
ing costs) 
An example of this type of process is the recovery of enzymes in enzyme-
catalyzed syntheses using ultrafiltration (UF) membranes (membranes with pore diame-
ters between 1 and 100 nm).  It is a well-established process originated in the late 1960’s 
and early 70’s27-29 and used commercially for the manufacture of amino acids.30,31  The 
macromolecular nature of the enzymes (Mol. Wt.; 10,000 – 100,000 Da) enables the 
continuous pores of the UF membranes to retain and segregate them from the aqueous 
products that permeate through.  The demonstrated success of this membrane process is a 
function of the high enzyme recoveries achieved with UF membranes (>99%), high 
product fluxes, and membrane stability. 
When considering membranes for the recovery of the transition metal catalysts of 
interest in this research, the process of material selection becomes significantly more 
complex than the case of enzyme recovery.  Due to the smaller size of transition metal 
catalysts (Table 2.1), particularly relative to the other feed components to the membrane, 
ultrafiltration membranes are generally unable to recover the catalyst at appreciable 
levels, if at all.  Dense, non-porous membranes, such as those used for the reverse osmo-
sis desalination of water, are capable of selectively rejecting solutes that are on the same 
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size scale as the solvent to be permeated.  Since there are no pores, transport occurs via 
the solution-diffusion mechanism (Section 2.1.1), in which selective separations occur as 
a result of differences in component solubilities and diffusivities in the membrane mate-
rial.  The nature of the material strongly influences these properties and subsequently the 
selectivity of separation that can be achieved.  A caveat that accompanies the higher 
selectivity that can be achieved with the solution-diffusion membranes is a typically 
lower flux due to the reliance on diffusion versus flow through pores. 
 
Table 2.1: Comparison of enzymes and transition metal catalysts for membrane 
recovery process 
Catalyst Mol. Wt. (Da) Membrane Type 
Enzyme 10,000 – 100,000 Ultrafiltration 
Transition Metal 400-1000 Dense, non-porous 
 
This relationship is illustrated for desalination of water using membranes of dif-
ferent separation regimes in Figure 2.4.  (As labeled on the graph, the “reverse osmosis 
region” denotes nonporous membranes; nanofiltration is defined as the transition region 
between porous and nonporous membranes.)  Ultrafiltration membranes provide fluxes 
exceeding two orders of magnitude higher than the nonporous films tested in this study.  
However, their salt rejection – defined as the percentage of the feed concentration of 
solute retained by the membrane – is far lower than the nonporous membranes.  Most 
catalyst recovery applications will require catalyst rejections greater than 99%, falling 
into the area of operation where flux is sacrificed for higher membrane selectivity.  




Figure 2.4: Membrane performance in desalination of water for different mem-
brane types.32,33 
 
The sacrifice of membrane productivity, in terms of flux, as well as the complex-
ity of material selection has led some researchers to pursue alternatives to using homoge-
neous catalysts in their “native” state.  One method is to enlarge the catalyst, which is 
accomplished by attaching large (usually polymeric), soluble ligands to the catalyst 
center34,35 or through the formation of catalytic dendrimers,36,37 star-shaped macromole-
cules with catalytic sites at the chain-ends.  In each of these cases, retention of the 
enlarged catalytic species has been demonstrated using commercial nanofiltration, and 
ultrafiltration membranes.  Some drawbacks of this catalyst modification are that the 
synthesis of the enlarged catalysts is typically complex and the catalyst has limited 
solubility.  Another approach is to impregnate polymers with the catalyst and use the 
resulting polymer-catalyst matrix as a reactive membrane or heterogeneous pellet.26  
However, implementation of these so-called “heteroginized” homogeneous catalysts has 
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been hampered due to catalyst leaching, mass transfer limitations in the polymer, and 
dispersion of the catalyst in the polymer phase during formulation. 
Both of the methods cited for catalyst modification require the reaction engineer-
ing and kinetics to be readdressed after the alterations to the catalyst are made.  Reaction 
mechanisms involving transition metal catalysts often include many steps (Figure 2.7) of 
complexation and de-complexation of ligands and reactant.  When the composition of the 
ligand or the phase of the reaction is changed, it is likely that the reaction kinetics and 
selectivity will also be altered.  In some cases, the effect of catalyst modification can be 
beneficial,38 but there are an equal or greater number for which this is not true and in 
either case, further investigation of the reaction behavior after catalyst modification is 
required. 
A membrane capable of containing the “off the shelf” catalyst would provide a 
more ubiquitous solution to this problem of catalyst recovery.  Membrane-mediated 
catalyst recycle for transition metal catalysts has been demonstrated with some success in 
the past,39-41 but these studies were performed as proof of concept exercises and provide 
little insight into membrane engineering required to achieve catalyst recovery.  A funda-
mental understanding of the behavior of membrane materials in the type of systems under 
consideration for catalyst recovery will provide a basis for future development of mem-
branes and material selection for this application. 
 
2.2.1 Model Reaction: Hydroformylation of 1-Dodecene 
For some industrial processes, the economic problem of catalyst separation has 
been eclipsed by the benefits of these homogeneous catalysts offer.  One such process is 
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the rhodium-catalyzed oxo hydroformylation of terminal alkenes to form aldehydes 
(Figure 2.5), which provides the benefits of mild reaction conditions, high efficiencies, 
and high yields.  A majority of commercial hydroformylation processes use distillation as 
the primary means for catalyst recovery.  This requires the use of a reaction solvent that 
has a higher boiling point than the aldehyde product so the dissolved, nonvolatile catalyst 
and solvent can be recovered in the column bottoms.  Although distillation is feasible for 
lower molecular weight aldehydes, the separation of aldehydes with carbon numbers 
greater than C6-C7 poses great difficulties.42  The higher boiling point of these products 
requires higher temperatures for their volatilization, which causes separation problems 
due to the narrowing differences in product and catalyst solution volatilities.  More 
importantly, the catalyst thermal stability range is encroached at these higher distillation 
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Figure 2.5: Hydroformylation of a terminal alkene. 
 
Alternatives to distillation as the catalyst recovery step have been proposed.  Wa-
ter-soluble rhodium complexes have been developed43,44 and implemented45 utilizing a 
liquid-liquid separation of the aqueous phase from the organic product to recover the 
catalyst.  In the hydroformylation of propylene and butyraldehyde, catalyst recovery is 
extremely efficient, with catalyst losses in the parts per billion range.42  However, hydro-
formylation of the higher molecular weight aldehydes is limited with this system as well.  
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The solubility of the higher olefin reactants in the aqueous phase is not sufficient to give 
an acceptable reaction rate.42  Another proposed means of performing hydroformylation 
with limited catalyst loss is the use of immobilized catalysts46,47 such as those cited in at 
the beginning of this section.  These have not achieved technical realization due mainly 
to insufficient long-term stability. 
Another attractive feature of the hydroformylation reaction is that it is particularly 
well suited for a membrane separation because of the use of hydrogen and carbon monox-
ide (syngas) at high pressures (12-50 bar), present as a reactant.  The pressure of the 
syngas can act as the driving force for membrane permeation.  For this and the above 
reasons hydroformylation is a reaction that membrane catalyst recovery can expand and 
at the same time, fit well into the existing framework of the commercial reaction. 
The specific hydroformylation that has been examined in this research is the reac-
tion of 1-dodecene (C12) to form tridecanal (C13), shown in Figure 2.6. It is a reaction that 
presents difficulties in catalyst separation due to the higher molecular weight constitu-
ents, making it an interesting subject for membrane research.  The rhodium tris(triphenyl-
phosphine) [HRh(CO)(PPh3)3] catalyst is the predominant catalyst used commercially48 
and in the presence of excess triphenylphosphine (PPh3) ligand gives high yields of the 
linear versus branched aldehyde products. 
 
CH3(CH2)9CH CH2 CH3(CH2)9CH2 CH2 CH
O50:50 CO:H2
HRh(CO)(PPh3)3, Toluene1-Dodecene Tridecanal  




The commercial value of tridecanal is as a fragrance compound as well as an in-
termediate for the formation of an alcohol, which can be used as a surfactant or plasti-
cizer.49  Bhanage et al.50 have conducted a thorough examination of the kinetics of this 
reaction. 
The mechanism for the catalysis of this reaction using the rhodium triphenyl-
phosphine catalyst-ligand complex is shown in Figure 2.7.  This is provided as an illustra-
tion of the presence of free triphenylphosphine ligand and the general complexity of the 
reaction.  It would be advantageous to retain the free ligand with the catalyst recovery 









As shown in Figure 2.8 and Table 2.2, the catalyst is the largest molecule that will 
be fed to the membrane, similar to the enzyme recovery reviewed in Section 2.2.  This 
should aid in providing membrane selectivity for rejecting the catalyst based on its lower 
relative diffusion rate (called diffusivity selectivity which will be defined in Section 2.1).  
As species size increases, polymeric solution-diffusion membranes generally have 
decreasing solute diffusivities, due to the increased polymer chain motion required to 








Figure 2.8: Structure of hydroformylation catalyst 
 
28





van der Waals Volume 
(cm3/mol) 
HRh(CO)(PPh3)3 919 517a 
Triphenylphosphine 262 161 
Tridecanal 198 149 
1-Dodecene 168 126 
Toluene 92 60 
aAdditive contribution of tristriphenylphosphine, rhodium, carbon monoxide and hydrogen 
 
2.3 References 
1. Mulder, M., Basic Principles of Membrane Technology, Kluwer Academic: 
Dordrecht, Netherlands (1991). 
2. Crank, J. and G. S. Park, Diffusion in Polymers, Academic Press: New York 
(1968). 
3. Wijmans, J. G. and R. W. Baker, "The solution-diffusion model: a review," J. 
Memb. Sci., 107, 1 (1995). 
4. Lloyd, D. R. and T. B. Meluch, "Selection and evaluation of membrane materi-
als," Mat. Sci. of Synth. Membr.: ACS Symp. Ser., 269, 47 (1985). 
5. Barrer, R. M., "Nature of the diffusion processes in rubber," Nature, 140, 106 
(1937). 
6. Koros, W. J., M. R. Coleman and D. R. B. Walker, "Controlled permeability 
polymer membranes," Annu. Rev. Mater. Sci., 22, 47 (1992). 
7. Cabasso, I., "Organic liquid mixtures separation by permselective polymer 
membranes. 1. Selection and characteristics of dense isotropic membranes em-
ployed in the pervaporation process," Ind. Eng. Chem. Prod. Res. Dev., 22, 313 
(1983). 
8. Tanihara, N., N. Umeo, T. Kawabata, K. Tanaka, H. Kita and K. Okamoto, 
"Pervaporation of organic liquid mixtures through poly (ether imide) segemented 
copolymer membranes," J. Memb. Sci., 104, 181 (1995). 
 
29
9. Villaluenga, J. P. G. and A. Tabe-Mohammadi, "A review on the separation of 
benzene/cyclohexane mixtures by pervaporation processes," J. Memb. Sci., 169, 
159 (2000). 
10. Acharya, H. R., S. A. Stern, Z. Z. Liu and I. Cabasso, "Separation of liquid 
benzene cyclohexane mixtures by perstraction and pervaporation," J. Memb. Sci., 
37, 205 (1988). 
11. Ho, W. S. W., G. Sartori and D. A. Thaler, "Polyimide copolymers containing 
polycarbonate soft segment," In U.S. Patent No. 5,756,643 (1998). 
12. Tanihara, N., K. Tanaka, H. Kita and K. Okamoto, "Pervaporation of organic 
liquid mixtures through membranes of polyimides containing methyl-substituted 
phenylenediamine moieties," J. Memb. Sci., 95, 161 (1994). 
13. Yamaguchi, T., S. Nakao and S. Kimura, "Plasma-graft filling polymerization - 
preparation of a new type of pervaporation membrane for organic liquid mix-
tures," Macromolecules, 24, 5522 (1991). 
14. Fang, J., K. Tanaka, H. Kita and K. Okamoto, "Pervaporation properties of 
ethynyl-containing copolyimide membranes to aromatic/non-aromoatic hydrocar-
bon mixtures," Polymer, 40, 3051 (1999). 
15. Okamoto, K., H. Wang, T. Ijyuin, S. Fujiwara, K. Tanaka and H. Kita, "Pervapo-
ration of aromatic/non-aromatic hydrocarbon mixtures through crosslinked mem-
branes of polyimide with pendant phophonate ester groups," J. Memb. Sci., 157, 
97 (1999). 
16. Staudt-Bickel, C. and W. J. Koros, "Improvement of CO2/CH4 seoparation 
characteristics of polyimides by chemical crosslinking," J. Memb. Sci., 155, 145 
(1999). 
17. Xu, W. Y., D. R. Paul and W. J. Koros, "Carboxylic acid containing polyimides 
for pervaporation separations of toluene/iso-octane mixtures," J. Memb. Sci., 219, 
89 (2003). 
18. White, L. S. and A. R. Nitsch, "Solvent recovery from lube oil filtrates with a 
polyimide membrane," J. Memb. Sci., 179, 267 (2000). 
19. White, L. S., "Transport properties of a polyimide solvent resistant nanofiltration 
membrane," J. Memb. Sci., 205, 191 (2002). 
20. Ohya, H., I. Okazaki, M. Aihara and S. Tanisho, "Study on molecular weight cut-
off performance of asymmetric aromatic polyimide membrane," J. Memb. Sci., 
123, 143 (1997). 
 
30
21. Bos, A., I. G. M. Punt, M. Wessling and H. Strathmann, "Suppression of CO2-
plasticization by semiinterpenetrating polymer network formation," J. Polym. Sci. 
B: Pol. Phys., 36, 1547 (1998). 
22. Rezac, M. E., T. John and P. H. Pfromm, "Effect of copolymer composition on 
the solubility and diffusivity of water and methanol in a series of polyether am-
ides," J. Appl. Polym. Sci., 65, 1983 (1997). 
23. Bayer, B., B. Schoberl, K. Nagapudi, M. E. Rezac and H. W. Beckham, 
"Crosslinked diacetylene-functionalized polyimides for gas separation mem-
branes: polymer reactivity and resultant properties," ACS Symp. Ser., 733, 244 
(1999). 
24. Sturgill, G. K., "Stabilization of polyimide blends through solid-state crosslink-
ing," Ph.D. Thesis, Georgia Institute of Technology (1999). 
25. Sirkar, K. K., P. V. Shanbhag and A. S. Kovvali, "Membrane in a reactor: A 
functional perspective," Ind. Eng. Chem. Res., 38, 3715 (1999). 
26. Vankelecom, I. F. J., "Polymeric membranes in catalytic reactors," Chem. Rev., 
102, 3779 (2002). 
27. Michaels, A. S. In Progress in Separation and Purification, E. S. Perry, Ed.; 
Wiley-Interscience: New York, p 297 (1968). 
28. Ghose, T. K. and J. T. Kostic, "A model for continuous enzymatic saccharifica-
tion of cellulose with simultaneous removal of glucose syrup," Biotechnol. Bio-
eng., 12, 921 (1970). 
29. Closset, G. P., Y. T. Shah and J. T. Cobb, "Analysis of membrane reactor per-
formance for hydrolysis of starch by glucoamylase," Biotechnol. Bioeng., 15, 441 
(1973). 
30. Wandrey, C., R. Wichmann, W. Leuchtenberger and M. R. Kula, "Process for the 
continuous enzymatic change of water soluble α-ketocarboxylic acids into the 
corresponding amino acids," In U.S. Patent No. 4,304,858 (1981). 
31. Woltinger, J., K. Drauz and A. S. Bommarius, "The membrane reactor in the fine 
chemicals industry," Appl. Catal. A-Gen., 221, 171 (2001). 
32. Baker, R. W., Membrane Technology and Applications, McGraw-Hill: New York 
(2000). 
33. Egli, S., A. Ruf and F. Widmer, "Entwicklung und Charakterisierung von Kom-
positmembranen," Swiss Chem., 11, 53 (1989). 
 
31
34. Felder, M., G. Giffels and C. Wandrey, "A polymer-enlarged homogeneously 
soluble oxazaborolidine catalyst for the asymmetric reduction of ketones by bo-
rane," Tetrahedron-Asymm., 8, 1975 (1997). 
35. Giffels, G., J. Beliczey, M. Felder and U. Kragl, "Polymer enlarged 
oxazaborolidines in a membrane reactor: enhancing effectivity by retention of the 
homogeneous catalyst," Tetrahedron-Asymm., 9, 691 (1998). 
36. Astruc, D. and F. Chardac, "Dendritic catalysts and dendrimers in catalysis," 
Chem. Rev., 101, 2991 (2001). 
37. Oosterom, G. E., J. N. H. Reek, P. C. J. Kamer and P. W. N. M. van Leeuwen, 
"Transition metal catalysis using functionalized dendrimers," Angew. Chem. Int. 
Edit., 40, 1828 (2001). 
38. Neys, P. E. F., A. Severeyns, I. F. J. Vankelecom, E. Ceulemans, W. Dehaen and 
P. A. Jacobs, "Manganese porphyrins incorporated in polydimethylsiloxane mem-
branes: selective catalysts for the epoxidation of deactivated alkenes," J. Mol. 
Catal. A: Chem., 144, 373 (1999). 
39. Miller, J. F., D. R. Bryant, K. H. Hoy, N. E. Kinkade and R. H. Zanapalidou, 
"Membrane separation process," In US Patent No. 5,681,473 (1997). 
40. De Smet, K., S. Aerts, E. Ceulemans, I. F. J. Vankelecom and P. A. Jacobs, 
"Nanofiltration-coupled catalysis to combine the advantages of homogeneous and 
heterogeneous catalysis," Chem. Commun., 597 (2001). 
41. Nair, D., S. S. Luthra, J. T. Scarpello, L. S. White, L. M. F. dos Santos and A. G. 
Livingston, "Homogeneous catalyst separation and re-use through nanofiltration 
of organic solvents," Desalination, 147, 301 (2002). 
42. Beller, M., B. Cornils, C. D. Frohning and C. W. Kohlpaintner, "Progress in 
hydroformylation and carbonylation," J. Mol. Catal. A: Chem., 104, 17 (1995). 
43. Kuntz, E. G., "Homogeneous Catalysis ... In Water," Chemtech, 17, 570 (1987). 
44. Herrmann, W. A., C. W. Kohlpaintner, H. Bahrmann and W. Konkol, "Water-
Soluble Metal-Complexes and Catalysts .6. A New, Efficient Water-Soluble Cata-
lyst for 2-Phase Hydroformylation of Olefins," Journal of Molecular Catalysis, 
73, 191 (1992). 
45. Chauvel, A., B. Delmon and W. F. Holderich, "New Catalytic Processes Devel-
oped in Europe During the 1980s," Appl. Catal. A-Gen., 115, 173 (1994). 
46. Ro, K. S. and S. I. Woo, "Catalytic Properties of RhCl3-H2O Immobilized on the 
Modified Poly(Styrene-Divinylbenzene) Copolymer in Aqueous-Phase Hydro-
formylation of Propylene," J. Catal., 145, 327 (1994). 
 
32
47. Guo, I., B. E. Hanson, I. Toth and M. E. Davis, "Bis[Tris(Meta-(Sodium Sul-
fonato)Phenyl)Phosphine] Hexacarbonyl Dicobalt, Co2(CO)6(P(meta-
C6H4SO3Na)3)2, in a Supported Aqueous Phase for the Hydroformylation of 1-
Hexene," J. Organomet. Chem., 403, 221 (1991). 
48. Arnoldy, P. In Rhodium Catalyzed Hydroformylation, P. W. N. M. van Leeuwen 
and C. Claver, Eds.; Kluwer Academic: Dordrecht (2000). 
49. Ullmann, F., Industrial organic chemicals : starting materials and intermediates, 
Wiley-VCH: New York (1999). 
50. Bhanage, B. M., S. S. Divekar, R. M. Deshpande and R. V. Chaudhari, "Kinetics 
of hydroformylation of 1-dodecene using homogeneous HRh(CO)(PPh3)3 cata-
lyst," J. Mol. Catal. A: Chem., 115, 247 (1997). 
51. Evans, D., J. A. Osborn and G. Wilkinson, "Hydroformylation of alkenes by use 
of rhodium complex catalysts," J. Chem. Soc. A, 12, 3133 (1968). 
52. Bianchini, C., H. M. Lee, A. Meli and F. Vizza, "In situ high-pressure 31P{1H} 
NMR studies of the hydroformylation of 1-hexene by RhH (CO)(PPh3)3," Or-
ganometallics, 19, 849 (2000). 
53. Poling, B. E., J. M. Prausnitz and J. P. O'Connell, The properties of gases and 








The fundamentals of the diacetylene crosslinking reaction and the crosslinking 
agents used in this work are introduced in this chapter.  Material characterization of the 
crosslinking reaction as well as the properties of the blends and blend components are 
investigated.  Of primary interest in this chapter are the “non-transport” properties of the 
blends, which give some indication as to whether a crosslinked network is formed and if 
so, the nature of the network.  For the transport properties of the blends and components, 
the reader is referred to the subsequent chapters. 
 
3.1 Introduction 
The objective of the membrane materials developed here is to recover a dissolved 
solute from an organic liquid feed, specifically a homogeneous catalyst from reactor 
effluent.  As established in Section 1.3, a material requirement for this application is to 
resist swelling and dissolution.  It is also desirable for these materials to possess high 
transport rates.  The product from the reaction is contained in the permeate stream (see 
Section 2.2 for process description) and high permeate fluxes will translate to higher 
productivity and lower membrane area requirements.  These two objectives of membrane 
stability and productivity are generally in conflict with one another when considering 
means to tailor polymer structure and composition in order to affect membrane transport.  
Polymer stabilization methods such as crosslinking and incorporation of chemically 
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resistant units in the polymer backbone typically result in flux reduction due to limitation 
of polymer chain motions and subsequently slower diffusion.  It is therefore a major 
challenge to simultaneously impart stability and productivity in a membrane material. 
In an effort to combine the benefits of effective transport and material stability in 
the face of aggressive feed streams, this research has focused on the use of polymer 
blends.  Blends have the potential to offer the combined benefits of their constituent 
components.  Furthermore, it is possible to optimize the blend concentrations for peak 
membrane performance and economics.  Therefore, this work has investigated the 
combination of a high transport performance polymer with a crosslinkable component.  
The goal of the polymer blend approach is to obtain membranes that have good produc-
tivity and stability imparted by the host polymer and crosslinking agent, respectively. 
Diacetylene cross-polymerization is the crosslinking method that has been pur-
sued in this work based on prior promise exhibited in membrane polymers,1-3 reviewed in 
the background section of this chapter (Section 3.2.3).  This functionality has been 
incorporated into oligomers (low molecular weight polymers), which will act as the 
crosslinking agent in the blends.  The structure of the 1,1-BTDA-DIA oligomer – so 
called because of the benzophenone tetracarboxylic dianhydride (BTDA) and diacetylene 
(DIA) groups in the backbone linked by single methylenes – is shown in Figure 3.1.  The 
diacetylene crosslinking group offers the benefit of ease of activation in the solid-state;4  
thermal, UV radiation, and ionic radiation will activate the cross-polymerization reaction 
under mild conditions.  This allows the materials to be processed into membranes or 
other forms prior to crosslinking while still soluble.  Following the processing step the 
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materials can be crosslinked in the solid-state in a manner that does not risk degradation 
of the surrounding polymer matrix. 
 












(Ethynyl Group)  
BTDA Imide Group Diacetylene Group 
Figure 3.1: Structure of 1,1-BTDA-DIA crosslinking agent. 
 
The BTDA group is present in the crosslinking agent to aid in phase mixing with 
the chosen host polymer for transport evaluation: polyimides.  Polyimides are known to 
exhibit good chemical resistance, an aid in the aggressive homogeneous catalyst recovery 
under investigation.  Polyimides have been extensively studied for gas transport5-8 and to 
a lesser extent, used as membrane materials for organic liquid applications.9-17  These 
materials have proven to be quite attractive as selective membranes for separations of 












































This work has taken the approach of using commercial polymers as the host com-
ponent of the blend.  Matrimid® (Ciba-Geigy) and P84 (Lenzing, AG) are both high 
performance BTDA-based polyimides that were studied for this purpose. Polymer 
blending in this manner can be viewed as a “value added” type of modification.  In this 
case, commodity polymers are combined with low concentrations of a specialty material 
(the crosslinking agent).  The chemical structures and properties of the host polymers are 
shown in Figure 3.2.  During the course of research it was found that Matrimid had much 
greater potential as a membrane material for homogeneous catalyst recovery and conse-
quently the bulk of this work focuses on Matrimid specifically.  Fluxes for the reaction 
solvent and other components were immeasurable in dense films of P84, possibly due to 
its lower free volume and sorption.   
Another advantage of using polyimides is their high glass transition temperature 
and thermal stability.  The membrane materials analyzed in this work are in the form of 
dense films, but for large-scale and industrial applications, they would have to be asym-
metric membranes containing a thin active layer supported by a porous substructure.  
Asymmetric membranes are typically quite delicate and could be damaged during the 
crosslinking procedure.  It is not certain that these materials will withstand the crosslink-
ing treatment in the asymmetric form, but their thermal robustness will increase the 
likelihood.  More encouraging than speculation is the preservation of asymmetric mem-
brane morphology observed in a polyimide material (6FDA-based) by Wallace18 at a 




It is generally agreed that the combination of a crosslinkable oligomer and an in-
ert host polymer form a semi-interpenetrating network (s-IPN) upon activation of 
crosslinking20 (Figure 3.3).  s-IPNs are polymer systems consisting of crosslinked net-
work and a linear or branched polymer with no covalent bonds between the linear and 
crosslinked components.  The formation of the crosslinked network around the host 
polymer should stabilize the polymer by reducing the chain mobility and degree of 
plasticization that occurs when exposed to a swelling agent. 
 
 
Figure 3.3: Two-dimensional representation of a semi-interpenetrating network.  
The dark lines represent the crosslinked network surrounding the 
host polymer, shown with lighter lines. 
 
The reactivity of these diacetylene-functionalized oligomers has been investigated 
in this chapter for the purpose of establishing the crosslinking protocol for the blends to 
be evaluated in membrane transport studies.  Additionally, characterization of the 
crosslinking reaction itself is presented.  Knowledge of the nature and extent of the 
reaction can be valuable when interpreting the transport behavior of these materials due 
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to the sensitivity of penetrant transport in polymers to subtle changes in their chemical 
and physical morphology. 
Also presented in this chapter are the “non-transport” physical properties evalu-
ated for the blends formed with Matrimid and the crosslinking agents.  Properties such as 
glass transition temperature, phase morphology, and crosslink density will aid in under-
standing the limits and possibilities for the blended materials. 
 
3.2 Background 
As previously stated, the selection of polymers for membrane applications is pri-
marily an empirical task.  Though models based on polymer physical properties such as 
solubility parameters21 and fractional free volume22,23 can give the membrane researcher 
some understanding of the general transport trends to be expected for a given system, 
material selection is based primarily on an assay of available experimental data combined 
with an understanding of how polymer architecture affects transport.  Information in all 
of these categories: models, data, and structure-property relationships for polymeric 
membranes for solute recovery from organic solvents is particularly scarce, which is a 
source of motivation for this thesis.  However, with the empirical nature of membrane 
science in mind, this background section’s purpose is to provide some information 
supporting the material choices that have been made, as well as context for the evaluation 




3.2.1 Polymer Blends 
Polymer blending can be a good and inexpensive way to modify material proper-
ties.  In some cases, blends can be formed based on identifying properties to be exploited.  
Kapantaidakis and coworkers24 formed miscible blends of Matrimid and polysulfone to 
analyze for CO2 plasticization, a common occurrence in polymer membranes.  The 
plasticization pressure (partial pressure at the onset of plasticization) of polysulfone in 
CO2 is higher than that for Matrimid.  They found that the film plasticization pressures 
increased with increasing polysulfone content, i.e. the films were more stable.  This is an 
example of combining two polymers with a knowledge of the desired pure component 
properties to be exploited – Matrimid to provide superior transport and polysulfone for 
stability – to obtain a blend with a combination of their properties.  However, it is also 
evident from their work that some unanticipated results based on simple phase mixing 
rules can also occur, which was observed as CO2 permeabilities in the blends that were 
lower than either of the neat materials. 
In an interesting study pertinent to this work due to membrane exposure to hydro-
carbon liquids, Cabasso25 was able to form miscible blends of cellulose acetate and 
crosslinkable polyphosphonates in a 1:1 ratio that were stable in benzene/cyclohexane 
mixtures after thermal treatment.  A solubility parameter approach was taken where the 
composition and ratio of blend components was predicted from the component polymer 
Hildebrand solubility parameters and mapped to benzene’s to form a solubility-selective 
membrane material. The separation performance of these polymer blends in ben-
zene/cyclohexane pervaporation relative to other polymeric materials26 was excellent.  
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Cabasso’s work is notable because the use of a modeling approach to select the blend 
components was demonstrated. 
The challenge in forming polymer blends is forming miscible blends.  Miscible 
films are desirable because phase separated films are typically mechanically weak and 
can have a random morphology that is difficult to reproduce.27 Because of their high 
molecular weights, polymers are inherently prone to phase separation.  This can ex-
plained through the basic thermodynamics of mixing.  A requirement for two materials to 
form a single phase is a negative Gibb’s free energy of mixing (Eq. 3.1).  That is, the 
system is in a lower free energy state as a mixture compared to the single components in 
separate phases. 
MixMixMix STHG ∆−∆=∆  (3.1) 
The entropy of mixing (∆SMix) is small for high molecular weight polymers28 lim-
iting significant entropic contribution to the overall free energy.  Low molecular weight 
materials like oligomers are often used as one or both of the blend components to over-
come this and increase miscibility.  Chemical compatibility of the blend components 
determines the enthalpy of mixing (∆HMix).29  Compatible components have negative 
enthalpies (∆HMix<0) and contribute to phase mixing.  Thermodynamically speaking, this 
is why blends are more readily formed from polymers with similar chemical constitution.  
Although this thermodynamic argument seems elegant and straightforward, the prediction 
of ∆GMix for polymers is complicated and empirical data is heavily relied upon.  This has 





3.2.2 Diacetylene Crosslinking 
The diacetylene crosspolymerization reaction can be activated in the solid-state 
though a variety of different methods including heat, UV radiation, and pressure, all 
under mild condtions.4  The reaction is proposed to proceed via a 1,4-addition31 (Figure 
3.4) without the evolution of volatile byproducts.  Reactivity of the diacetylenes is 
strongly dependent on their physical state; reactions either do not occur in the solution 
state or the products differ from the solid-state reaction.32  Even in the solid-state, diace-
tylenes require proper orientation for the reaction to occur.33  These characteristics of the 
diacetylene reaction have lead to its characterization as a “topochemical” reaction – 
where crosslinking only occurs in diacetylene groups of a specific orientation, preserving 
the structure of the polymer while forming covalent crosslinks.  Some membrane re-
searchers1,2 believe the topochemically controlled crosslinking of polymers can stabilize 
the materials through network formation with minimal disruption of the surrounding 
structure.  This gives the possibility of gaining polymer stability without a large compro-
















Figure 3.4: General representation of the 1,4-addition solid-state polymerization 
of diacetylenes.  R is a substituent group. 
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3.2.3 Membranes with Crosslinkable Diacetylene Functionalities 
Rezac et al.1,2 first formed crosslinkable blends for gas separation using blends of 
a 6FDA-IPDA [4,4’-(hexafluoroisopropylidene)diphthalic dianhydride and 4,4’-
isopropylidene diamine] polyimide and a 6FDA-based diacetylene oligomer.  The blends 
exhibited minimal reduction in permeability relative to the host material when compared 
to other crosslinking methods for polyimides.  Selectivities of the crosslinked materials 
for gases were maintained relative to the uncrosslinked membranes.  Sturgill3 followed 
their work by examining the effectiveness of diacetylenes blended with the BTDA-based 
polyimides Matrimid and P84.  Similar post-crosslinked permeability behavior as the 
6FDA polyimides was observed in gas separation studies.  In each case, polymer stabili-
zation through crosslinking was concluded on the basis of observation of increased 
chemical resistance and thermal stability (through thermogravimetric analysis).  How-
ever, investigation in a plasticizing environment has not been conducted on these materi-




Matrimid® 5218 was obtained from Ciba-Geigy (Hawthorne, NY).  P84 (Lenzing 
AG) was donated for research purposes by HP Polymer, Inc. (Lewisville, TX).  Both 
polymers are in the fully imidized state.  Each of these polymers was received as a 
powder. 
Polysciences, Inc. (Warrington, PA) was contracted to synthesize the oligomeric 
(low molecular weight polymer) diacetylene-functionalized crosslinking agents contain-
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ing 3,3’,4,4’-benzophenone tetracarboxylic dianhydryde (BTDA) imide groups, follow-
ing the synthesis developed by Karangu.19  The oligomer chemical structure is given in 
Figure 3.1.  Infrared (IR) spectroscopy, solution-state proton nuclear magnetic resonance 
(1H-NMR) spectroscopy, elemental analysis, and inherent viscosity measurements were 
performed on-site to confirm the formation of the desired product.  Two batches of the 
crosslinking agent were made with differing degrees of polymerization (or number of 
repeat units).   The batches were designated “Oligomer 1” and “Oligomer 2”.  The 
oligomer degrees of polymerization (DP) were determined using solution 1H-NMR in 
deuterated dimethyl sulfoxide (DMSO-d6, Aldrich). The DP was calculated from the ratio 
of integrated peak areas of methylene protons neighboring the diacetylenes (δ=4.58 ppm) 
to the methylene protons neighboring the terminal acetylenes of the oligomers (δ=4.42 
ppm; d, J=2.0 Hz).  The degrees of polymerization calculated are shown in Table 3.1 
along with concentration of reactive groups per gram of crosslinking agent.   
 
Table 3.1: Oligomer batches fabricated for study and their corresponding de-
grees of polymerization (DP). 
Oligomer Designation DP Mol Reactant Groups /g* 
Oligomer 1 2.2 3.7 x 10-3 
Oligomer 2 6.1 3.0 x 10-3 




All solvents were used as received and are listed in Table 3.2. 
 
Table 3.2: Solvents used in film casting and solubility tests. 
Solvent CAS No. Purity Provider 
Hexafluroisopropanol (HFIP) 920-66-1 > 99% Fluka 
n-Methyl pyrolidinone (NMP) 872-50-4 99.5% Aldrich 
Dimethyl sulfoxide (DMSO) 67-68-5 99.9% Aldrich 
Dimethyl acetamide (DMAc) 127-19-5 99.8% Aldrich 
Dimethyl formamide(DMF) 68-12-2 99.8% Aldrich 
 
3.3.2 Film Casting 
Although the studies in this chapter do not involve membrane transport measure-
ments, testing of Matrimid and blends with oligomer was conducted on polymer films of 
the same form used in transport studies for consistency.  The procedure for film casting is 
given in Section 5.3.2. 
Experiments performed on the pure oligomers were conducted on the raw powder 
form of the materials since films could not be formed from these low molecular weight 
materials.  There were no further treatments of the powder prior to testing. 
 
3.3.3 Thermal Activation 
Thermal activation of the oligomers and blends was conducted under vacuum at 
250 °C for 24 hours, which is defined in this document as “annealing.”  The determina-
tion of the temperature and time profile for the thermal activation was based on the 
differential scanning calorimetry results of 3.4.2.  Unless otherwise noted, films prepared 
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from the host polyimides alone (0% crosslinking agent content) were treated under the 
same conditions for comparative purposes. 
 
3.3.4 Differential Scanning Calorimetry (DSC) 
DSC was conducted with a Seiko DSC 220 to monitor crosslinking and terminal 
acetylene reactions as well as transitions, such as the glass transition temperature.  The 
average sample mass was ~5 mg.  In order to represent the inert conditions of thermal 
treatment in vacuum, DSC tests were conducted with a nitrogen (Air Products, ultra high 
purity, 99.998%) purge rate of  ~150 cm3/min.  Samples were held at 100 ºC for 30 
minutes for moisture removal and then heated at rate of 10 °C/min to 400 ºC.  Peak 
integration for exotherms was performed using the Seiko software. 
 
3.3.5 Dynamic Mechanical Analysis (DMA) 
A Rheometric Scientific RSA-III model dynamic mechanical analyzer was used 
to conduct DMA tests on the blends and host polymers.  Mechanical properties, polymer 
transition temperatures, and degrees of crosslinking were obtained from these studies.  
Samples were heated at a rate of 10 °C/min from 30 ºC to 400 °C.  A constant strain 
amplitude of 0.1% was applied sinusoidally at a frequency 10 Hz.  Specimen dimensions 
were approximately 20 x 5 mm with a thickness of 25 µm.  The initial gap width of the 
instrument (length of specimen between clamp arms) was ~10 mm.  All tests were run 
under a nitrogen purge (Air Products, liquid nitrogen supply) for inert conditions and to 
prevent oxidative reactions at the higher temperature ranges (>300°C).34 
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3.3.6 Atomic Force Microscopy (AFM) 
Films were imaged with a Nanoscope IIIA multimode SPM microscope (Digital 
Instruments, Inc., Santa Barbara, CA) operating in tapping mode.  A microfabricated 
Nanopore silicon nitride tip was used at a scan rate of 0.5-2.0 Hz.  Height and phase 
images were obtained simultaneously.  Phase images represent the variations of the phase 
angle of the interacting cantilever relative to the phase angle of the freely oscillating 
cantilever at the resonance frequency.  There were no further modifications to the film 
surfaces from as-cast state. 
Image analysis was performed using the MATLAB (The MathWorks, Inc.) Image 
Analysis Toolbox software.  Image files generated by the AFM were used as input. 
 
3.3.7 Solid-State 13C-NMR 
Solid-state 13C-NMR spectra were acquired using a Bruker DSX 400 operating at 
100 MHz.  Cross-polarized, magic angle spinning (CP/MAS) was employed using a 
contact pulse of 1 ms, 90° pulse length of 4 µs, and a sample spinning rate of 12 kHz.  4k 
scans were signal-averaged for each spectrum using high power 1H decoupling during 
data acquisition.  It should be noted that this is not a quantitative NMR method.  For the 
analysis of oligomer before and after annealing, the sample was annealed directly in the 
ceramic sample rotor. 
 
3.4 Results and Discussion 
Based on the thermodynamics of blends presented in Section 3.2.1 and the poten-
tial for diacetylene stabilization of membranes presented in Sections 3.2.2 and 3.2.3, the 
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properties of diacetylene-functionalized oligomers and their blends with Matrimid have 
been investigated.  The oligomer chemical structure is pictured in Figure 3.1.  The BTDA 
unit is present in the backbone as an enthalpic contributor to phase mixing with Matrimid 
and other BTDA-based polyimides.  The oligomeric nature of the crosslinking agent is 
intended as an entropic contributor to miscibility.  Evaluation of the 1,1-BTDA-DIA 
oligomer and blend morphology with Matrimid is presented in this section. 
 
3.4.1 Oligomer Solubility 
Solubility tests of the crosslinking agents were performed to find a solvent suit-
able for film casting of blends.  The solvents investigated were limited to those that are 
known to dissolve the host polymers Matrimid and P84.  Although solubility tests have 
been conducted with oligomers possessing the same repeat unit in prior studies,3,19 the 
low molecular weight of the materials in this work encouraged reexamination. 
The results of the solubility tests for Oligomer 1 are shown in Table 3.3.  Solubil-
ity of the oligomer was limited; even strong organic solvents such as DMAc and DMF 
did not dissolve the crosslinking agent despite its low molecular weight.  Some solubility 
was observed in DMSO and NMP, with a solubility limit of approximately 5 wt% 
oligomer for each.  However, these are low volatility casting solvents.  For polymer films 
to be cast from these solvents, the solutions must have a fairly high polymer concentra-
tion of around 20 wt% to achieve sufficient solvent evaporation to form solid films in a 
reasonable amount of time.  Therefore, the remaining option was to use HFIP as the 
casting solvent for film formation as in the previous work.  Unfortunately, in addition to 
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being toxic and hydrophilic, HFIP forms a complex with BTDA polyimides3 that requires 
heating in excess of 150 ºC to break. 
 
Table 3.3: Survey of oligomer solubility in various solvents.  All tests con-
ducted at ambient temperatures.  Highly polar solvents (DMAc, 
DMF, DMSO, NMP, HFIP) were tested in a nitrogen atmosphere to 
eliminate exposure to atmospheric water. 
Solvent Polymer Dissolved Oligomer Solubility 
Methylene Chloride Matrimid None 
Choloroform Matrimid None 
DMAc Matrimid, P84 None 
DMF Matrimid, P84 None 
DMSO Matrimid, P84 5 wt% 
NMP Matrimid, P84 5 wt% 
HFIP Matrimid, P84 Soluble 
 
3.4.2 Activation of Oligomer Crosslinking 
The crosslinking reaction was activated using thermal treatment under vacuum.  
Although polyimides are robust polymers, vacuum conditions provide an inert environ-
ment that excludes oxidative side reactions that may occur when heating polymers.  
Thermal treatment studies were performed on the oligomers in the powder form.  After 
thermal treatment, the oligomers changed color from light brown to dark red.  The change 
in color is a result of the highly conjugated structure formed in the 1,4-addition diacety-
lene reaction (Figure 3.4). 
DSC of the oligomers was conducted for the purpose of monitoring the reaction 
of the active groups (diacetylenes and terminal acetylenes) on the crosslinking agents.  
Reactions should be displayed as exothermic peaks in the DSC spectrum, with the area 
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under the peak representing the heat of reaction.  In the DSC of Oligomer 1 shown in 
Figure 3.5, two exotherms are apparent on the DSC spectrum.  An initial strong exotherm 
at approximately 240 °C attributed to diacetylene reaction is followed by a shoulder peak 
at 280 °C attributed to the reaction of terminal acetylenes.  The assignment of these peaks 
is described below.  Thermogravimetric analysis3 has shown 1,1-BTDA-DIA to be stable 
(no weight loss) to temperature of 400 °C, indicating that neither of the exotherms in 
Figure 3.5 are the result of a degradation reaction.  Furthermore, an exotherm in the DSC 
of the oligomer corresponding to the degradation is present at 410 °C and is not shown in 
Figure 3.5 for the purpose of highlighting the reaction exotherms. 
 










Figure 3.5: DSC of Oligomer 1 and monomer before and after crosslinking.  
“Annealed Oligomer” denotes a sample that has been heated at 250 
°C for 24 hours under vacuum.  DSC traces have been shifted along 




As shown in Figure 3.1, the 1,1-BTDA-DIA oligomer is ethynyl (acetylene) ter-
minated, as is the monomer used to form the oligomer.  Thermally initiated reaction of 
ethynyl functionalities is known to occur at approximately the same temperatures as the 
exotherms observed for Oligomer 1.3,20,35  Since the ratio of terminal acetylene groups to 
internal diacetylenes is high for Oligomer 1 (2.0:1.2), the contribution of their reaction 
could be significant and present as an exotherm in the DSC thermogram.  Therefore the 
DSC of the monomer group has been included in Figure 3.5 for comparison.  The mono-
mer does not contain any diacetylene functionalities, so the reaction of these groups is 
restricted to the oligomer.  It appears that the monomer exotherm at 300 °C is due to the 
reaction of its terminal acetylenes.  The presence of this exotherm on the monomer DSC 
also suggests that the shoulder peak of the oligomer is due to the reaction of its terminal 
acetylene groups.  Therefore, the reaction of diacetylenes is concluded to be the source of 
the exotherm at 240 °C.  A monomer extraction step in the oligomer synthesis as well as 
the absence of the monomer crystalline melting endotherm at 182 °C in the oligomer 
DSC can be used to rule out monomer impurities as the source of the shoulder peak. 
Further verification of the reaction of the terminal acetylene and diacetylene 
groups was found using 13C-NMR solid-state spectroscopy.  Figure 3.6 shows the 13C-
NMR CP/MAS spectra of the oligomer before and after thermal treatment at 250 °C, 
termed “annealing”.  The peaks in the “original oligomer” spectrum between 60 and 75 
ppm represent the terminal acetylenes and internal diacetylenes.  After thermal treatment, 
these acetylene peaks essentially vanish suggesting significant reaction of the diacetlyene 










Figure 3.6: 13C-NMR CP/MAS solid-state spectra of annealed and original oli-
gomer.  The annealing process is thermal treatment of the oligomer 
at 250 °C for 24 hours under vacuum. 
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reactions occurring with thermal input and indicates that the terminal acetylenes are 
reacting even though the heat treatment of the oligomer did not reach the peak exotherm 
temperature for terminal acetylene reaction of 280 °C.  The reaction of the terminal 
acetylenes under these conditions is also supported by the absence of any further exo-
therms in the DSC of the post-treated oligomer (“Annealed Oligomer”) in Figure 3.5. 
Further investigation of Figure 3.6 shows the formation of a peak at 96 ppm.  This 
is consistent with the diacetylene 1,4-addition (Figure 3.4), as the 13C-NMR chemical 
shift represents the conjugated acetylene carbons formed during the reaction.  Also, there 
is an increase in the integrated area for carbons in the aromatic region (110 – 135 ppm) 
relative to a group assumed to be unaffected by annealing – the imide ring carbonyls at 
162 ppm.  A review of reactions in ethynyl-terminated imide oligomers by Alam et al.35 
found a predominance of phenyl groups in the crosslinked structures.  A mechanism that 
was proposed for this reaction is a trimerization shown in Figure 3.7.  Although one 
could view this reaction as one that is entropically hindered in the solid-state (due to the 
limited probability of three acetylene groups meeting for reaction), the work of Bos et 
al.20 with thermally treated acetylene terminated oligomers showing changes in transport 
properties commensurate with a crosslinked network combined with Alam’s review 
points to this reaction occurring to an extent that can be measured through transport and 
spectrographic studies.  In addition to the terminal acetylene reactions contributing to the 
annealed oligomer spectrum between 110 and 135 ppm, the formation of carbon-carbon 
double bonds in the diacetylene 1,4-addition also fall in this region.  Finally, the shift of 
methylene carbons from 22 to 36 ppm after annealing is a product of the change in 











Figure 3.7: Proposed mechanism for the thermally initiated reaction of ethynyl-
terminated imide oligomers in the solid-state.35 
 
A final note on the 13C-NMR spectrum of Figure 3.6 is the notable decline in 
spectrum “clarity” after annealing.  In comparison to the original oligomer, the carbon 
peaks in spectrum are not as sharp.  This can be attributed to the more heterogeneous 
bonding environment of the annealed oligomer.  The proximity of the carbon nuclei to 
bonds formed in diacetylene crosslinking, terminal acetylene reaction, or unreacted 
groups can cause upfield or downfield shifts in the spectrum that result in broader peak 
shapes. 
DSC of Oligomer 2 was performed (Figure 3.8) to determine the effects of oli-
gomer chain length on the crosslinking reactions.  A notable difference between the DSC 
of Oligomer 2 and Oligomer 1 is the absence of the exotherm attributed to terminal 
acetylene reactions in Oligomer 2.  One cause of this is that the ratio of terminal acety-
lenes to internal diacetylenes (~1:3) in Oligomer 2 is approximately one fourth of that in 
Oligomer 1; there are simply a greater number of internal diacetylenes reacting and their 
exotherm dominates in magnitude.  Another contributor to the absence of a terminal 
acetylene exotherm is the reduced mobility of the longer Oligomer 2 chains.  Solid-state 
reactions are dependent on diffusion and orientation of the active sites, which are both 
inhibited by longer chain length.  Therefore, the interpretation of the DSC thermogram is 
that the predominant reaction in Oligomer 2 is diacetylene reaction with terminal acety-
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lenes reaction limited by concentration and diffusion, although the occurrence of the 
terminal acetylene reaction cannot be completely ruled out. 
 












Figure 3.8: DSC of annealing process for Oligomer 2.  “Annealed Oligomer” 
denotes a sample that has been heated at 250 °C for 24 hours under 
vacuum. 
 
A rough quantification of the extent of reaction in the two oligomers is obtained 
from the integration of the exothermic peaks in the DSC, shown in Table 3.4.  The effect 
of mobility restriction of the higher molecular weight oligomer on reactivity is empha-
sized by the lower value of its reaction exotherm (especially when considering the sum of 
exotherms in Oligomer 1).  In addition to the exotherm value, the higher peak tempera-
ture of the diacetylene reaction exotherm suggests a higher activation energy requirement 
for increasing molecular weights.  This is consistent with previous studies of diacetylene-




Table 3.4: Summary of thermal properties of Oligomers 1 and 2 obtained in 
DSC.  The content of terminal acetylenes relative to internal diacety-
lenes is provided to support the difference in reaction energy. 
Oligomer DP 
Ratio of terminal 
acetylenes to  
diacetylenes 






1 2.2 1.67 240 -213a, -93b 
2 6.1 0.39 249 -189 
aHeat of reaction for reaction centered at 240 °C 
bHeat of reaction for reaction centered at 280 °C 
 
Attempts to analyze blends of crosslinking agent with the host polymers for the 
presence of the same reactions as the pure oligomers were attempted with DSC, 13C-
NMR and infrared spectroscopy (IR).  In all cases, the dilute nature of the blends – 
especially in terms of the concentration of reactive functionalities – resulted in the 
inability to detect the presence of the acetylene functionalities or their reaction products 
within the resolution of the above listed characterization methods.  However, the thermal 
treatment of the blends has been presumed to still affect the same type of reactions as the 
oligomers.  The reader is referred to the subsequent chapters of the thesis for corrobora-
tion of formation of a crosslinked network in terms of the altered transport properties of 
the blends. 
 
3.4.3 Macroscopic Phase Behavior of Matrimid Blends 
The host polymers and 1,1-BTDA-DIA crosslinking agent both contain the same 
dianhydride unit in their structure to promote compatibility.  Following the thermody-
namic development for polymer blending in Section 3.2.1, this chemical similarity 
enthalpically contributes to phase mixing. Additionally, the oligomeric nature of the 
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crosslinking agent should entropically enhance blend compatibility.  Support for this 
approach can also be found in polyimide blending literature.  From their work studying 
structure effects on polyimide blending Tang et al.37 concluded that structure matching of 
the components strongly affected blend miscibility.  In the study of Bos et al.,38 imide 
oligomers were blended with Matrimid at levels of up to 30% (w/w) oligomer and heat 
treated without evidence of phase separation.  Rezac et al.1,2 demonstrated the ability to 
blend diacetylene-functionalized imide oligomers with linear polyimides. 
The blends in this study were formed by combining the host polymer with the 
crosslinking agent in solution with the solvent HFIP and solution casting films (~ 20 – 25 
µm).  Prior to drying and heat treatment, all films were yellow in color as were the 
solutions they were cast from.  Films containing 5% (w/w) and 10% oligomer were 
transparent, while films containing greater than 10% oligomer were opaque and often of 
variable macroscopic morphology.  Opacity is a good indicator that two components are 
phase-separated. 
After annealing the films for 24 hours at 250 °C under vacuum, all films except 
the neat polyimides developed red coloring, its intensity varying with crosslinking agent 
concentration.  Formation of conjugated bonds via the diacetylene 1,4-addition (Figure 
3.4) is the source for the red coloration31 of the annealed blends.  Photographs of the 0, 5, 
and 10% blends are shown in Figure 3.9.  Films that were transparent prior to annealing 
remained so afterwards and remained mechanically tough.  The opaque films (>10 wt% 
crosslinking agent) became brittle after crosslinking, leading to the conclusion that these 
materials were phase-separated and the blend components were incompatible at concen-


















Figure 3.9: Photographs of polymer film appearance before and after annealing 
at 250 °C for 24 hours.  All films were cast in HFIP and dried at 180 
°C for 3 days prior to annealing.  Text underneath the films is pre-
sent to illustrate transparency of the films. 
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3.4.4 Microscopic Phase Behavior of Matrimid Blends 
On the basis of optical clarity and qualitative mechanical strength, the blends of 
crosslinking agent up to and including 10% oligomer are miscible.  This section endeav-
ors to investigate the morphology of these materials. 
The term “miscible” is often used to describe polymer mixtures that exhibit be-
havior expected of single-phase systems.39  However, this does not imply that the com-
ponents of the mixture have mixed in an ideal manner, but that the level of mixing on a 
microscopic scale is adequate to yield macroscopic properties expected of a single-phase 
material.  The microscopy data presented in the proceeding paragraphs suggests that the 
10% oligomer in Matrimid blend falls into the category of a multiphase material possess-
ing single-phase behavior (e.g. optical clarity & single glass transition).  In this docu-
ment, “miscible” multi-phase mixtures will be differentiated from single-phase mixtures 
by terming it a “compatible” mixture. 
Analysis of the microstructure of 0%, 5% and 10% blends of Oligomer 1 in 
Matrimid was performed using atomic force microscopy (AFM).  AFM has proven to be 
an effective tool for analyzing transparent, yet multiphase polymer blends – particularly 
when operating in the phase imaging mode.  Phase images utilize the AFM stylus in the 
“tapping” mode to detect differences in mechanical properties as the instrument maps the 
specimen surface.  Using this technique, Borsig et al.40 determined the morphology of a 
transparent interpenetrating network of butylmethacrylate-co-styrene blended with 
polyethylene with resolutions that identified domain sizes of 300 nm as well as the 
lamellae of the crystallized polyethylene. 
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Both height and phase images of neat Matrimid (Figure 3.10a & b) are unremark-
able and suggest a homogeneous morphology, as expected.  In addition to verifying the 
purity of the polymer and the AFM technique, these scans provide the baseline for the 
“Matrimid” phase in the analysis of the other blends. 
 The phase image of the 5% blend (Figure 3.11b) reveals what appears to be a 
networked structure (light) surrounding the Matrimid phase (dark).  Scans of various 
areas of the sample were conducted and this morphology was consistent throughout.  The 
morphology strongly suggests the formation of a semi-interpenetrating network.  Al-
though the films remained transparent after crosslinking, clear delineation of two phases 
is apparent in Figure 3.11b.  Most likely, this is due to the instrument detecting variations 
in the toughness (modulus) arising from crosslink formation rather than a multiphase 
morphology.  The average domain size of the continuous Matrimid phase (>1 µm) is 
large enough to refract light and cause opacity in the films if multiple phases are present 
and it is known from the macroscopic phase studies through opacity of phase-separated 
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Figure 3.12: Height (a) and phase (b) AFM micrographs of solution cast film of 
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Image analysis of the network domain in the 5% blend AFM shows that it occu-
pies approximately 36% of the mixture, based on an average of several scans at different 
locations on its surface.  Obviously, this value far exceeds the 5% by weight of crosslink-
ing agent in the blend.  Density differences between the crosslinking agent and Matrimid 
cannot be the cause of the discrepancy due to the extremely large decrease in density that 
would be required of the crosslinking agent.  There are two probable causes for this 
discrepancy.  One is the inherent error associated with trying to extrapolate three-
dimensional information (volume) from two-dimensional data (area).  Domains below the 
surface could well be influencing the phase detection, thus enlarging the area.  Secondly, 
since the crosslinking occurs in the solid-state, Matrimid chain segments near reactive 
sites on the crosslinking agent may become entangled in the network and stressed.  
Incorporation of these Matrimid chain segments could be included in the “hardened” 
phase. 
The AFM micrographs of 10 wt% Oligomer 1 blended with Matrimid (Figure 
3.12a & b) are quite different than those of the 0% and 5% blends.  These AFM scans 
suggest that the morphology of the 10% blend is a continuous Matrimid phase containing 
randomly dispersed domains of crosslinking agent.  The volume fraction of the dispersed 
domains is approximately 8.4%, consistent with these being concentrated pockets of the 
crosslinking agent.  Further evaluation of the phase-separated domains reveals an average 
diameter (assuming a spherical shape) of 220 nanometers.  The domain size is smaller 
than the wavelength of visible light, which can explain the optical clarity of these materi-
als despite their apparent phase separation. 
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Lack of resolution in the phase diagram for the continuous phase of the 10% 
blend (Figure 3.12b) does not offer any conclusive information for that phase.  The 
network structure of the 5% blend is not apparent, and the domain size of 8.4% suggests a 
minimal concentration of crosslinking agent in the continuous phase, though the short-
comings of the image analysis in 5% blend are applicable here as well.  However, it is 
clear that the morphology for the 10% is different than the other materials and presuma-
bly categorizes this blend as one that is compatible, yet not ideally phase mixed. 
 
3.4.5 Thermo-mechanical Properties of Matrimid and Blends 
Thermo-mechanical analyses of the host polymer Matrimid and blends with the 
crosslinking agent have been conducted to determine the influence of the crosslinking 
agent.  All information in this section has been obtained through dynamic mechanical 
analysis (DMA) testing.  DMA is powerful technique in the measurement of polymer 
mechanical properties and thermal transitions.41  It is a rapid analysis method that can 
accurately measure multiple quantities simultaneously.  Samples are stressed sinusoi-
dally;  the elastic modulus of the materials (E’) is determined from the in-phase strain 
response to the stress and the viscous modulus (E’’) is determined from the out of phase 
response. 
The mechanical properties yielded from DMA for the blends of Oligomer 1 and 
Oligomer 2 relative to neat Matrimid are shown in Figure 3.13a & Figure 3.13b respec-
tively.  Generally speaking for both cases, the blends retain the mechanical properties of 
the host Matrimid.  This lack of improvement in mechanical performance is not necessar-
ily an indication of inadequate network formation.  It is possible that unreacted oligomer 
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units and incomplete network segments in the blend are diminishing the mechanical 
strength through plasticization, balancing gains imparted by the network.  The 10% 
Oligomer 2 blend has the most significant impact on the mechanical strength, showing a 
measurable increase in its modulus. 
Another item of note in the DMA studies is that the instrument was unable to con-
tinue the tests beyond the glass transition temperature for Matrimid.  This was caused by 
elongation of the Matrimid sample beyond the maximum extension of the instrument 
armature, which on average was a sample elongation exceeding 150%.  Matrimid’s 
drastic drop in modulus before test termination can be seen in Figure 3.13.  A lack of 
chemical crosslinks in a polymer in the rubbery state can lead to this tremendous elonga-
tion.  As Matrimid is known to have no covalent crosslinks, this facet of the DMA is 
considered to be an indication of the absence of network formation.  With this interpreta-
tion in mind, the only blend material other than Matrimid that failed at temperatures 
above the glass transition was the 10% Oligomer 1 blend.  The failure of this material 
supports its phase-separated morphology observed using AFM (Section 3.4.4).  Since a 
large portion of the crosslinking agent constitutes the dispersed phase, it is likely that 
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Figure 3.13: Elastic (E’) and viscous (E’’) modulus for films of Matrimid and 
blends yielded from dynamic mechanical analysis. All films an-
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Figure 3.14: tan(δ) plots for Matrimid and Blends from dynamic mechanical 




Thermal transitions of the polymers can also be evaluated from DMA.  The ratio 
of viscous modulus to elastic modulus, known as the quantity tan(δ), shows a maximum 
during these transitions.  A marked thermal transition in polymers is the glass transition 
temperature, a point at which segmental motion of the polymer chains occurs.  A 
crosslinked polymer would be expected to have a higher glass transition temperature than 
an uncrosslinked analog due to increased energy requirements for the mobility-restricted 
polymer chains, though this is not necessarily true for the blends evaluated here due to 
the addition of a secondary component. 
tan(δ) plots at temperatures near the glass transition for the blends are provided in 
Figure 3.14.  The maximum in tan(δ) shows an increase in temperature relative to 
Matrimid for the 5% Oligomer 1 blend and the 10% Oligomer 2 blend, suggesting 
restriction of polymer chain mobility.  In the tan(δ) plots, the 10% Oligomer 1 blend 
again exhibits similar properties to the neat Matrimid.  
A final piece of information about the polymer blends that can be gleaned from 
the DMA study is a relative estimate of the crosslink density.  From the theory of rubber 
elasticity for a Gaussian network, the crosslink density, ν, can be determined using the 
following equation:42 
RTE φν=  (3.2) 
where E is the modulus of the material in the rubbery plateau region (Tg + 40 °C)43, φ is a 
quantity known as the front factor, R is the gas constant, and T is the absolute tempera-
ture.  The front factor, φ, is a term related to: 1) the mean square end-to-end distance 
between chains and 2) the molecular weight between crosslinks relative to the average 
molecular weight of the original material.  It is often acceptable to assume a value of 
 
69
unity for the front factor,41 and this assumption is applied here.  For the s-IPN’s in this 
study, there is a considerable deviation from ideal rubber behavior and this calculation is 
presented only as a means to obtain relative crosslink densities for the materials in 
question. 
Calculation of the crosslink densities is provided in Table 3.6.  Values for the ma-
terials that exhibited a rubbery plateau do not vary greatly, but the trend of increasing 
crosslink density can be seen for the Oligomer 2 blends, though the values fall with in the 
measurement error.   
 
Table 3.6: Glass transition temperatures, Tg, and crosslink densities, ν, for 
Matrimid and blends.  Tg’s determined from maximum in E’’.41  ν 




ν (x 103) 
 (mol wt. between crosslinks/cm3) 
Matrimid 313 - 
5% Oligomer 1 314 1.12 ± 0.03 
10% Oligomer 1 312 - 
5% Oligomer 2 311 1.19 ± 0.06 




Blends of crosslinkable oligomers with a BTDA-based polyimide, Matrimid, have 
been formed.  The post-processing crosslinking of these materials provides a route to 
obtain semi-interpenetrating network structures in the solid-state.  The crosslinked blends 
have properties that make them interesting as materials for studies in membrane separa-
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tions, particularly in the application of focus in this thesis: a highly aggressive environ-
ment in which polymer stabilization can enhance membrane performance. 
Thermal analysis studies show that the activation of the reactive groups in the 
crosslinking agent can be achieved through heating at 250°C for 24 hours (termed 
“annealing”).  Two functional groups on the crosslinking agents are reacted under these 
conditions: internal diacetylene functionalities and terminal acetylenes on the oligomer 
chain ends.   Both of these reactions are suspected to form distributed network structures 
and further polymerization of the oligomers.  In terms of the membrane properties desired 
in the overall goals of this research, the network formation incurred through reaction of 
both functionalities is beneficial.  DSC indicates that the annealing procedure converts all 
reacting functionalities that are not diffusion limited.  For the purposes of this work, it is 
not of interest to tune the extent of crosslinking through varying annealing temperature or 
time, but to obtain the highest extent of reaction for a given blend concentration.  There-
fore, the annealing procedure presented will be maintained for the remainder of the work. 
In the analysis of the influence of molecular weight on the crosslinking agent 
properties, it was found that the lower molecular weight oligomer (Oligomer 1) was more 
reactive on a mass basis due to the higher concentration of reactive groups.  As a result of 
the higher reactivity combined with their interesting blend morphology, some emphasis 
will be placed on Oligomer 1 blends in the subsequent work presented. 
AFM studies reveal three morphologies for the materials of interest:  a homoge-
neous morphology for the Matrimid homopolymer, a network morphology for the 5% 
Oligomer 1 / Matrimid blend, and a phase-separated morphology for the 10% Oligomer 1 
/ Matrimid blend.  The phase separation of the 10% blend is on the nanoscale and the 
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material still possesses the properties of a “compatible” blend.  Though the initial objec-
tive of these blends was to achieve network morphologies, the 10% blend provides an 
interesting third morphology for study and will continue to be featured in transport 
analysis.  Multiphase membranes such as zeolite mixed-matrix membranes and mem-
branes combined with inert fillers such as fumed silica have received significant attention 
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SORPTION AND SWELLING BEHAVIOR OF MATRIMID 
AND BLENDS IN TOLUENE 
 
 
The stability of Matrimid and polymer blends in toluene and their sorption charac-
teristics are presented in this chapter.  Blends of Matrimid with the diacetylene-
functionalized crosslinking agents introduced in Chapter 3 have been investigated as a 
test of one of the hypotheses of this work: that the incorporation of a diacetylene 
crosslinking agent can stabilize the material.  Furthermore, the material properties 
evaluated in this chapter can have a profound impact on their membrane performance in 
homogeneous catalyst recovery.  Therefore, analysis with some perspective on their final 
application is provided. 
 
4.1 Introduction 
It has been well established at this point that a robust membrane material is re-
quired for homogeneous catalyst recovery.  The crosslinkable diacetylene-functionalized 
oligomers characterized in Chapter 3 displayed some promising properties that make 
them an interesting candidate for membrane materials in this application.  In this chapter 
we will be evaluating the solvent resistance of the host polymer, Matrimid, with varying 
concentrations of crosslinking agent.  The probe solvent chosen is toluene, the solvent for 
the model hydroformylation reaction under consideration in this work.  Through experi-
ments monitoring toluene sorption in these materials, further interpretation of the mor-
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phology of the blends will be made as well as an assessment of their potential as mem-
brane materials. 
Sorption characteristics also provide insight into the transport properties of these 
materials.  The solution-diffusion model reviewed in Section 2.1.1 governs the permea-
tion rate of toluene.  Enhanced toluene solubility in the membrane can lead to higher 
permeation rates and greater membrane productivity.  However, the plasticization that 
accompanies the faster permeabilities may decrease the ability of the membrane to retain 
the catalyst due to increased polymer mobility.  It is the design intent of the diacetylene 
crosslinking agent to provide a means to balance the goals of membrane stability and 
productivity. 
 
4.1.1 Blend Morphology 
The properties observed in these sorption investigations are sensitive to the poly-
mer structure.  To gain an understanding of the structure impact on sorption, interpreta-
tion of the sorption results will be made using the blend morphologies suggested in 
Chapter 3.  For review, schematic representations for the 5% and 10% blend morpholo-
gies are shown in Figure 4.1.  The 5% blend is in the form of a semi-interpenetrating 
network (s-IPN).  The 10% blend is phase-separated with small domains of the crosslink-
ing agent dispersed in a continuous phase.  In the proceeding analysis, it will be assumed 
that the continuous phase of the 10% blend has the properties of Matrimid due to the 
small amount of crosslinking agent present in that phase (~1.6%).  Application of these 
representations of the blends to the sorption data will provide information on the structure 
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influence on their observed sorption behavior as well as enable further refinement of this 





     5% Blend 10% Blend 
Figure 4.1: Schematic pictures of blend morphologies.  The crosslinking agent 
is shown as the dark lines with the host Matrimid is shown as the 
lighter, continuous lines. 
 
4.2 Background 
Due to the aggressive nature of toluene and other reaction solvents towards poly-
mers, it is typically necessary to implement some stabilization strategy for membrane 
materials.  Not only is dissolution a potential problem, but membrane selectivity for 
rejecting the catalyst can also be compromised by polymer plasticization.  However, 
increases in selectivity through stabilization are often accompanied by reductions in flux 
and some balance between the two is necessary to obtain a productive, yet effective 
membrane separation process. 
One approach to stabilization of polymeric membranes in literature for pervapora-
tion and other organic liquid feed applications is to use either copolymers or blends with 
alternating components of strong / weak interactions with the permeable compound or 
hard / soft segments.1-3  This group of polymers is typically solubility selective and is 
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used for separations involving feed mixtures with compounds of varying degrees of 
solubility in the membrane.  The success of a homogeneous catalyst recovery membrane 
is more dependent on size selectivity, with the membrane selectively permeating the 
smaller structures of the feed and restricting permeation of the large catalyst molecules.  
Polymer crosslinking via covalent, charge transfer, or plasma-graft crosslinks in the 
polymer is an approach that can stabilize membranes and impart mobility selectivity.4-10  
Consequently, this work has pursued stabilization via covalent crosslinking. 
Polyimides have shown promising properties as membrane materials for gas and 
liquid mixtures.  All of the above listed references for crosslinking are studies utilizing 
polyimides, some of which have involved separation of organic compounds in the liquid 
phase.  Applications of polyimides in reverse osmosis / nanofiltration have also had some 
success.  In the removal of higher hydrocarbons from toluene feed streams, White11,12 and 
Ohya et al.13 were able to achieve moderate fluxes and selectivities with polyimide 
membrane materials.  However, in each instance, asymmetric membranes were used and 
little information about permeability or swelling in the polymer medium could be ob-
tained. 
This research uses the approach of blending a commodity polymer, Matrimid, 
with a crosslinking agent.  This type of polymer blending could help the membrane 
process economics because the specialty component is in low concentration.  Formation 
of an s-IPN or nanophase-separated blend between the two components has been a 
demonstrated way to gain thermal and solvent stability for gas separations.14 Their 
applicability to swelling reduction in toluene, the solvent for the model homogeneous 





The polymeric materials (Matrimid and crosslinking agent) utilized in sorption 
experiments can be found in Section 3.3.1.  ACS grade toluene (99.5+%, Aldrich, Inc.) 
was used as received. 
The blend concentrations studied in the sorption experiments of this chapter are 
listed in Table 4.1.  Matrimid was evaluated in two states.  The “Untreated” films were 
solvent-cast and dried according to the procedures listed in Section 5.3.2, but not sub-
jected to the “Annealing” conditions (heating to 250 °C for 24 hours) required to activate 
crosslinking of the oligomers in the blends.  “Annealed” Matrimid films, as the name 
would suggest, were subjected to the same thermal treatment as the blends.  This proce-
dure was followed to establish a basis of comparison between the neat Matrimid and 
blends and also to determine if the annealing alone would affect the swelling and plastici-
zation of Matrimid, as suggested in previous work with this polymer.5,15  All blends of 
Matrimid with crosslinking agent are by weight percent and this should be considered 
implicit in further references to the blends as “5% blend” or “10% blend.” 
 
Table 4.1: Blend formulations and Matrimid states studied in sorption experi-
ments. 
Material States Investigated 
Matrimid Untreated, Annealed 
Matrimid / Oligomer 1 Blends 5%, 10% by weight 





4.3.2 Film Casting 
Matrimid and blends were evaluated as dense films cast using the procedure out-
lined in Section 5.3.2.  Sorption of raw oligomers was performed on the as-received 
powders.  For the blends of Matrimid with crosslinking agent, all films were annealed 
prior to testing to activate crosslinking. 
 
4.3.3 Vapor Sorption 
Thermodynamics dictates that if a component in the vapor phase and liquid phase 
possess the same activity, the chemical potential of the two states is equal.  Because the 
chemical potential is the driving force for sorption, the amount of penetrant sorbed into a 
polymer for a given activity will be the same whether it is being fed from the liquid or 
vapor state.  This allows the use of vapor sorption to determine the sorption isotherms 
and apply them to a liquid separation, which is quite useful due to the comparative ease 
of gathering accurate sorption data of vapors versus liquids. 
The sorption of toluene in polymers or oligomers of interest were studied using a 
gravimetric sorption apparatus.  In this method, a sample is exposed to toluene vapor at a 
constant partial pressure and the kinetics of sorption and solubility of toluene in the 
sample is determined by observing the rate of weight gain.  Weight of the sample was 
measured by a computer-controlled microbalance that is connected to a vacuum system.  
A schematic of the entire experimental apparatus is shown in Figure 4.2. 
As the specific workings of the apparatus have been detailed in a prior publica-
tion,16 only a brief overview of the operation will be provided here.  A sample to be 
tested was placed in the electronic microbalance, accurate to 1 µg, (Cahn Instruments 
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Inc., Model D-200) connected to a vacuum system and toluene vapor supply with a 
ballast volume of 12 L to minimize pressure fluctuation during measurements.  Toluene 
vapor was supplied from a liquid reservoir in the flask.  The balance was housed in a 




Figure 4.2: Diagram of gravimetric vapor sorption apparatus.  Key components 
are: (B) electronic microbalance, (S) sample, (VO) ballast volume, 
(VA) vacuum pump, (P) pressure transducer, and (F) flask.16 
 
To start a series of sorption runs on a particular material, a sample of known 
thickness (if a film) was placed on the balance weighing pan and the system was put 
under vacuum overnight to degas the polymer and sorption apparatus internals.  Toluene 
liquid was then poured into the connected vapor supply flask.  To degas the toluene and 
reduce the inert vapor presence in the system, the toluene liquid was subjected to three 
freeze / thaw cycles using liquid nitrogen.  After that the system was allowed to fill with 
toluene vapor, with the sample still isolated in vacuum, until the desired vapor pressure 
for the sorption test was reached, with heating of the toluene liquid provided when 
necessary.  The mass of the sample prior to toluene exposure was recorded.  Once the 
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sample was exposed to toluene (which is t = 0 for kinetic experiments), the entire system 
was allowed to reach the pressure for that run and maintained at it until conclusion.  
Buoyancy adjustments were not necessary at the low pressures (the vapor pressure of 
toluene,  mm Hg) and high amounts of toluene sorbed by our poly-
mers. 
3.46)C35(0 . =°Tolp
The adjustable parameter of the experiments was toluene partial pressure, p, ex-
pressed as its thermodynamic activity, which because of the low pressure conditions can 
be assumed to behave ideally (Eq. 4.1). The weight fraction of toluene sorbed by the 
polymer, , was the output variable (Eq. 4.2).  Utilizing the sorption versus activity 














=  (4.2) 
In Eq. 4.2, Md is the dry mass of the sample measured after polymer degassing.  Mf  is the 
final mass of the polymer plus sorbed toluene measured by the balance after equilibrium 
is achieved. 
The polymers studied exhibited significant non-ideal sorption characteristics, such 
as non-Fickian sorption kinetics (to be reviewed in Section 4.4.1) and some history 
dependence of the final sorption values.  For the purpose of establishing that the proce-
dure for obtaining sorption data minimized the impact of history effects, some of the 
effects that were observed in the materials will be briefly presented as well as the proce-
dures used to maintain uniform histories from sample to sample.  It is not uncommon to 
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observe history effects in glassy polymers sorbing organic compounds.18-21  Some factors 
that influence these effects are the thickness of the sample, preswelling of the sample, and 
whether the sorption pressure was reached in sorption (increasing pressure) or desorption 
(decreasing pressure).  In order to minimize these history effects each sample was sub-
jected to the same conditions. 
The sorption conditions for each sample are listed in Table 4.2.  As thickness de-
pendence has been observed for organic vapors in glassy polymers,18 a uniform thickness 
for all materials was maintained.  This also has the added benefit of keeping the time for 
equilibration on the same order of magnitude for all samples.  The state of the material 
prior to the sorption test was ensured with a rigorous routine of equal pressure steps 
preceded by an initial sorption at a toluene pressure of 35 mm Hg (p/p0 = 0.76) to 
preswell the sample.  Experimental evidence depicted in Figure 4.3 confirmed that this 
was an adequate procedure to get reproducible sorption.  A final note is that the length to 
equilibration was quite long for each pressure step, with an average value of 4 days.  
Equilibration was considered to be achieved when ∆M/∆t ≤ 1 µg/hr. 
 
Table 4.2: Experimental parameters for sorption experiments.  These are all 
values that can influence results due to history effects. 
Experimental Parameter Experimental Value 
Film thickness ~ 25 µm 
Initial preswelling pTol 35 mm Hg 
Equilibration time 4 days 























Figure 4.3: Confirmation of pTol/p0Tol  = 0.76 as a suitable preswelling condition.  
After initially exposing the 10% Oligomer 2 sample to 35 mmHg 
toluene (♦), isotherm data points were sequentially collected (□) and 
then points at p/p0 = 0.43, 0.65 and 0.86 (○) were confirmed within 
+/- 1% of the originally recorded sorption values. 
 
4.4 Results and Discussion 
A discussion of the sorption kinetics observed in the Matrimid and blends will be 
followed by analysis of the equilibrium sorption of toluene in the materials.  The influ-
ence of annealing the neat Matrimid and incorporation of the crosslinking agent are the 
core interests of these studies. 
 
4.4.1 Sorption Kinetics 
Sorption of toluene in all the materials tested exhibits so-called non-Fickian sorp-
tion kinetics.20,21  When a penetrant with a high affinity for the polymer material sorbs 
into the polymer matrix, the polymer chains must rearrange (or relax) to accommodate 
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the penetrant.22  non-Fickian sorption kinetics are exhibited by glassy polymers when the 
timescale of diffusion is of the same order of magnitude as that for relaxation of the 
polymer.  Numerical solutions of Fick’s law for diffusion into a plane sheet23 show that 
the initial gradient in the fractional uptake ( ) of a diffusant is a linear function of 
( ), where t is the time of the sorption measurement and l is the thickness of the 
sheet.  Deviations from this relationship are an indication of non-Fickian sorption kinet-
ics.  From the sorption curves for toluene in films of Matrimid and Oligomer 1 blends 
taken for a pressure step of p = 0 → p  = 35 shown in Figure 4.4, the classic “S”-shaped 
curve indicative of non-Fickian sorption kinetics is exhibited for all of the materials.  
(Although the untreated Matrimid film looks like it may be linear, on an expanded scale it 



















Figure 4.4: Sorption kinetics of toluene in thin films of Matrimid and blends 
with Oligomer 1 recorded for a p = 0 → 35 mm Hg sorption step. Mt 
is mass of penetrant sorbed at time t; M∞ is the mass of penetrant 
sorbed at equilibrium.  The time scale has been normalized by 
polymer thickness.  All materials display non-Fickian kinetics. 
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The type of anomalous kinetics exhibited by Matrimid and the blends is quite 
complex and there are many possible mechanisms that govern them.21,24,25  The interest of 
this thesis is in the steady-state behavior of the polymers as membrane materials, so a 
rigorous analysis of the non-Fickian transient behavior is not within the scope of the 
research.  Attempts to follow the approach of Berens and Hopfenberg24 to separate the 
diffusion and relaxation components in the kinetic analysis resulted in toluene diffusivi-
ties that were several orders of magnitude lower than those measured in permeation 
studies, which may be an indicator of the dominance of relaxation in the toluene sorption 
kinetics. However, qualitative analysis of the kinetic results yields some interesting 
information.  The analysis of the results will follow the generally accepted physical 
interpertation22,24 that the factors contributing to the kinetic sorption response are pene-
trant diffusion within the polymer and polymer relaxation to accommodate the sorbed 
penetrant molecules. 
First, from Figure 4.4 we see that the annealing procedure has significantly af-
fected the kinetics of Matrimid in comparison to the untreated material.  Researchers 
performing heat treatment of polyimides in temperature ranges corresponding to anneal-
ing conditions have attributed reductions in sorption to the formation of charge transfer 
complexes.26  Charge transfer complexes are formed by electron transfer between an 
electron-rich donor group and an electron-poor acceptor group.27  Polyimides contain 
conjugated structures that can potentially have alternating localizations of charges on the 
polymer backbone.  If groups with opposite charges come into close proximity, the 
charge transfer complexes can be formed.  The formation of the charge transfer com-
plexes may limit the polymer mobility, which would have the dual effect of reducing the 
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rate of penetrant diffusion and polymer chain relaxation.  However, it should be noted 
that a variable temperature infrared (IR) spectroscopy experiment exposing Matrimid to 
temperatures up to 350 °C in nitrogen (an inert environment similar to the vacuum 
conditions of annealing in this research) observed no changes in the spectrum.14  Other 
investigations including IR and density measurements in this study yield no conclusive 
evidence of a structural change after the annealing process.  But the charge transfer 
complexes remain the most likely explanation for the fairly significant change in sorption 
kinetics observed here as well as the toluene sorption results of this chapter and the 
permeabilities presented in Chapter 5. 
Figure 4.4 also shows that the incorporation of the diacetylene-functionalized 
crosslinking agents in blends has slowed the uptake of toluene relative to both annealed 
and untreated Matrimid, with the 5% blend possessing faster kinetics than the 10% blend.  
From the morphological picture of the 5% blend obtained in the atomic force microscopy 
(AFM) and other studies of Chapter 3, this material is in the form of a semi-
interpenetrating network (s-IPN) with the diacetylene oligomer forming a crosslinked 
network surrounding the Matrimid after heat treatment.  The restricted mobility of the 
polymer chains in the s-IPN should retard the sorption kinetics of toluene in this polymer.  
Reduced diffusion, though its contribution has not been quantified relative to polymer 
relaxation, is one cause for the reduced kinetics relative to the host Matrimid.  Mobility 
restriction from crosslinks can also have a significant impact on the relaxation rate of the 
polymer blend.  Although mechanical analysis of the materials (Section 3.4.5) did not 
indicate any measurable changes in their modulus with the addition of crosslinking agent, 
prior work has demonstrated the extreme sensitivity of anomalous sorption kinetics not 
 
88
only to history18,21 of the sample, but also to structural changes28,29 in the polymer.  The 
kinetic data may be exhibiting some smaller-scale mechanical strengthening of the blend 
due to s-IPN formation that is not apparent in the mechanical analysis. 
AFM studies indicate that the 10% blend is a phase-separated material with con-
centrated domains of crosslinking agent surrounded by Matrimid.  Though it is uncertain 
whether the phase-separated domains consist entirely of crosslinked oligomer and be-
haves like the pure oligomer, this will be assumed for this portion of its analysis.  As 
indicated by the sorption results to be presented in Figure 4.9 of Section 4.4.2, the 
crosslinking agent does not measurably sorb any toluene after annealing.  Based on the 
relative sorption between it and Matrimid combined with the probability that the phase-
separated domains are highly crosslinked, they are going to be considered as imperme-
able structures dispersed within the Matrimid.  This morphology can affect both the 
diffusion and relaxation dynamics of the polymer during the uptake of toluene.  In terms 
of diffusion, the crosslinked domains will act as obstacles and add tortuosity to the 
penetrant diffusion path.  The domains may also act like a filler in composite polymer 
materials, strengthening the Matrimid by restricting chain mobility and extending the 
relaxation time of the blend.  One widely accepted mechanism for polymer relaxation 
during penetrant uptake is the exertion of a swelling stress by the penetrant on the poly-
mer chains.22  In this case, the crosslinked domains may absorb some of that stress, 
causing discontinuities in the stress gradient through the polymer also extending the 
relaxation time. 
Also, it is interesting to note that this is virtually the only characterization of the 
10% Oligomer 1 blend performed in this research that displays marked differences 
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between itself and the 5% Oligomer 1 blend other than the catalyst rejection.  Though not 
shown here, blends with Oligomer 2 exhibit the same kinetic characteristics. 
.   
4.4.2 Sorption in Matrimid 
Sorption tests have a twofold purpose.  First, the stability and swelling of the 
membrane materials at various concentrations of toluene can be determined.  Also, the 
approach to accomplishing the homogeneous catalyst recovery is through the use of 
nonporous membrane materials, which follow the solution-diffusion model (Section 
2.1.1).  Penetrant solubility is one of the two factors governing transport in this model 
and the solubility contribution to flux can be determined from these studies.  Further-
more, the influence of the addition of crosslinking agent on the sorption behavior can be 
observed. 
The host polymer, Matrimid, is insoluble in toluene.  This was confirmed by soak-
ing Matrimid in a toluene bath for seven days and observing no weight loss in the mate-
rial after drying under vacuum.  The blends also exhibited the same insolubility under 
this test.  A host material that is insoluble in the permeating species is a good starting 
point for the blend approach, because tuning of the swelling resistance versus flux 
tradeoff can be achieved with a smaller fraction of crosslinking agent in the blend. 
Although insoluble, Matrimid sorbs a considerable amount of toluene, as shown 
in Figure 4.5.  As an activity of one is approached the weight fraction of toluene sorbed, 
, exceeds 0.35.  Liquid dip tests of the Matrimid films and blends were attempted and 





upon removal of the sample from the toluene bath.  However, extrapolation from the 
sorption isotherm yields a  for an activity of one. 37.0=PTolw
From the dual-mode theory of sorption in polymers,30 penetrant sorption in glassy 
polymers occurs via two concurrent mechanisms.  One is ordinary dissolution and the 
other is “hole filling,” or penetrant occupation of the non-equilibrium microvoids present 
in glassy polymers due to restricted segmental mobility of the polymer chains.  The 
profile of the sorption curve in Figure 4.5 for low to moderate toluene activities (ap-
proximately: 0 ≤ a ≤ 0.5) follows this model.  At higher activities the isotherm has an 
upswing that is indicative of swelling.  In these stages of sorption, the swelling of the 
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Figure 4.5: Toluene sorption isotherm in untreated Matrimid at 35 °C.  The 
weight fraction of toluene corresponding to a glass transition for the 
sorbed polymer equal to the isotherm temperature as calculated by 




The chemical similarity between Matrimid and toluene is likely causing this high 
sorption due to strong physicochemical interactions.  The backbone structure of Matrimid 
(and polyimides in general) possesses a high concentration of aromatic structures that 
could strongly interact with the toluene.  This is consistent with other studies investigat-
ing toluene sorption in polyimides.10,32-34 
A consequence of having a high sorption of toluene is plasticization of the poly-
mer and the corresponding reduction in its glass transition temperature (Tg).  An estimate 
of the weight fraction of toluene at which the glass transition temperature is equal to the 
temperature of the sorption isotherm (35 °C) is shown on Figure 4.5.  The Fox equation31 














with subscripts 1 and P referring to the toluene and the polymer, respecitvely and the Tg 
is given in Kelvin.  Glass transition temperatures for some common hydrocarbons 
including toluene have been reported in literature.35,36  The value for the glass transition 
temperature of toluene used in the calculation is 117 K.  Since the glass transitions of the 
blends do not vary greatly from the host Matrimid (Section 3.4.5), the value of 
 can be considered the same for all materials presented.  It is 
interesting that the swelling upswing in Figure 4.5 begins very near this concentration, 
but it is only a fairly crude estimate.  The same calculation using the equation of Pochan, 
Beatty, and Pochan,37 which uses a logarithmic phase mixing rule, calculates a value for 
 assuming no volume change on mixing.  However, permea-









the polymers behave as materials in the rubbery state.  The implications of being in a 
rubbery state in terms of transport are that gains in flux will be made due to the increased 
segmental mobility; but transport studies will have to be made to determine if the selec-
tivity of the materials is sufficient (Chapter 5). 
 
4.4.3 Model Interpretation of Sorption 
Using the above interpretations of the toluene sorption, the isotherm can be fit to 
the dual-mode sorption model for lower toluene activities in Matrimid.  In the region of 
the swelling upturn, the Flory-Rehner38 equation (Eq. 4.4) for crosslinked rubbers pro-
vides a good fit.  The fits for toluene sorption in untreated Matrimid are shown in Figure 
4.6.  The Flory-Rehner equation needed to be modified for the “state” change observed in 
our sorption experiments.  If the toluene-swollen Matrimid is considered a rubber the 
volume fraction terms in Eq. 4.5 need to be modified to make the “0” volume fraction 
sorbed by the material still contain the toluene necessary to plasticize it.  This correction 
was used as a fitting factor, Pφ ′ , and is shown in Eq. 4.5. 
[ ]2/)()()1ln(ln 3/11211 RPRPRPRPRP Va φφνφχφφ −+++−=   (4.5) 
PP
R
P φφφ ′+=  (4.6) 
The calculated parameters for each of the materials studied are in Table 4.1.  Values for 
the crosslink density, ν, have been taken from those calculated in the dynamic mechanical 
analysis studies (Section 3.4.5).  Equation 4.5 was fit to the sorption data obtained by 
assuming no volume change on mixing with the sorption isotherms giving Pφ  and .  
The 
1a
1χ  and Pφ ′  parameters were adjusted to give the best fit.  An increasing 1χ , the 
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Figure 4.6: Sorption of toluene in Matrimid modeled by the Dual Mode Sorp-




Table 4.3: Flory-Rehner parameters (Eqs. 4.5 and 4.6) for toluene sorption in 
Matrimid and blends at 35°C.  All values reported within +/- 5%. 
Material χ ν (mol xlink/cm3) Pφ ′  
Matrimid 1.03 - 0.182 
Matrimid – Annealed 1.34 - 0.209 
5% Oligomer 1 Blend 1.38 1.12 x10-3 0.208 
10% Oligomer 1 Blend 1.37 - 0.197 
5% Oligomer 2 Blend  1.30 1.19 x 10-3 0.209 




4.4.4 Influence of Annealing and Blending on Sorption 
The effects of annealing on Matrimid are again seen in the sorption data.  Figure 
4.7 shows the comparison of the annealed Matrimid to the untreated material.  Sorption 
isotherms in this and the ensuing figures have been plotted in the high vapor activity 
range to highlight the sorption differences between the materials.  Suppression of the 
swelling upturn visible in the untreated Matrimid has been achieved to some extent 
through annealing of the Matrimid alone.  Similar to the observations in kinetic studies, 
the sorption of toluene has been suppressed; possibly by the formation of charge transfer 
complexes restricting the polymer’s ability to swell and accommodate more toluene.  Bos 
and coworkers15 found reproducibly reduced permeabilities of CO2 in Matrimid after heat 
treating of Matrimid at 265 °C as well as some reduction in the CO2-induced plasticiza-
tion.  However, plasticization still occurred in their treated films at the same CO2 partial 
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Figure 4.7: Toluene sorption isotherm at 35 °C for annealed Matrimid compared 
to untreated Matrimid. 
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The influence of blending Oligomer 1 in 5% and 10% weight fractions is shown 
in Figure 4.8.  Both the 5% and 10% blends show some further reduction of toluene 
sorption relative to the annealed Matrimid with an average reduction of about 7% of the 
annealed Matrimid sorption as an activity of one is approached.  However, when going 
from 5% to 10% there is not a marked change in the sorption characteristics.  One 
conclusion of Bos et al.15 in their work with s-IPN’s of Matrimid and crosslinking agents 
was that the differences in transport behavior were not a strong function of crosslinking 
agent concentration.  Though that may account for the similarity between the 5% and 
10% blends of Oligomer 1 here, it is more likely that the two different morphologies for 
the blends displayed the same sorption characteristics through different mechanisms.  
Presuming that 5% blend is an s-IPN, the formation of a network around the Matrimid is 
acting to restrict the mobility of the polymer blend limiting its ability to swell and create 
more sorption sites for toluene.  In this case, it is difficult to have an a priori prediction of 
the sorption values for the blend due to the complexity of the s-IPN. 
Viewing the 10% blend as a phase-separated mixture of crosslinked oligomer and 
Matrimid, the reduction of the toluene sorption in this material should be proportional to 
the ratio of crosslinked domains to Matrimid multiplied by their corresponding toluene 
solubilities.  With the above considerations in mind, the toluene sorption characteristics 
of pure Oligomer 1 were tested and the results are shown in Figure 4.9.  In the un-
crosslinked state, the oligomer displays lower toluene sorption than Matrimid – approxi-
mately 10 wt% compared to over 35 wt% at high activities.  After annealing of the 
sample, the crosslinked oligomer displayed no measurable sorption of toluene above the 


















Figure 4.8: Sorption of toluene in Oligomer 1 blends at 35 °C.  Untreated and 
annealed Matrimid included for comparison.  Lines have been 
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Figure 4.9: Toluene sorption at 35 °C in raw Oligomer 1 crosslinking agent be-
fore and after activation of crosslinking.  No sorption of toluene was 




If it is assumed that the phase-separated domains in the 10% blend behave in the 
same manner as the crosslinked oligomer, then the blend can be viewed as a composite of 
annealed Matrimid with a non-sorbing, inert phase. The ~8.4% value for the fraction of 
the crosslinked domains that was determined from the AFM in Section 3.4.5 along with 
the sorption values for the annealed Matrimid can be used to predict the sorption in the 
phase-separated blend.  This would approximate the 10% blend as a material composed 
of 91.6% sorbing phase that has the toluene sorption properties of annealed Matrimid and 
the remainder is non-sorbing.  This morphological interpretation of the 10% blend gives a 
fairly good representation of the experimentally observed toluene sorption, with the 
















Figure 4.10: Plot of 10% Oligomer 1 blend toluene sorption with a fit based on 
interpreting the phase morphology as annealed Matrimid containing 




Finally, toluene sorption for the blends of Matrimid with Oligomer 2 has been 
performed and is presented in Figure 4.11.  The 5% blend of Oligomer 2 with Matrimid 
has less sorption reduction than the same concentration of Oligomer 1, possibly due to 
the fewer reactive sites present on the Oligomer 2 crosslinking agent.  The 10% blend 
behaves in a manner similar to that of Oligomer 1.  Due to these similarities between the 
two crosslinking agents, transport studies in Chapter 5 will be primarily focused on the 
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Figure 4.11: Sorption of toluene in Oligomer 1 blends at 35 °C.  Untreated and 
annealed Matrimid included for comparison.  Lines have been 
drawn for clarity. 
 
4.5 Conclusions 
Addition of the crosslinking oligomers has the effect of reducing the solubility 
and swelling of Matrimid in the reaction solvent toluene.  Heat treatment (annealing) of 
Matrimid alone at a temperature of 250 °C reduces its swelling in high concentrations of 
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toluene.  Incorporation of crosslinking agent can provide further reduction in sorption and 
swelling.  The diacetylene crosslinking agents were able to stabilize the membrane 
materials, but still maintain significant sorption, which may be able to promote produc-
tive membrane fluxes, but the transport studies of Chapter 5 must be reviewed for mem-
brane selectivity to determine if the materials are suitable for the homogeneous catalyst 
recovery. 
The non-Fickian kinetics of sorption show an interesting delineation of the vari-
ous states and blends of polymers studied.  Uptake of toluene increases in the order of: 
10% Blend < 5% Blend < annealed Matrimid < untreated Matrimid.  The kinetic response 
of the annealed Matrimid coupled with its reduced sorption indicates that the polymer 
network was strengthened as a result of the heat treatment.  The reduction in kinetics for 
the blends is likely due to network formation (5% blend) or the strengthening of the 
polymer with a high mechanical strength filler (10% blend). 
Additional support for the phase-separated morphology of the 10% blend has 
been garnered from the sorption results.  The crosslinked oligomer shows no significant 
sorption.  Using the assumption that the dispersed phase viewed in AFM studies has the 
same sorption characteristics, a model of the 10% blend as annealed Matrimid with inert 
filler matches its sorption data well.  Because of its similar sorption characteristics, the 
5% does not fit this morpholigical model and suggests that network formation can lead to 
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Characterizations of the polyimide, Matrimid, and blends with the novel diacety-
lene crosslinking agent thus far have demonstrated their potential as membrane materials 
for homogeneous catalyst recovery.  A systematic study of the transport characteristics of 
the 1-dodecene hydroformylation components is presented in this chapter not only to 
assess the viability of the subject materials of this research in homogeneous catalyst 
recovery, but also to identify the underlying mechanisms that affect this separation.  In 
this manner, the various polymer states of this research are presented in order to deter-
mine their influence. 
 
5.1 Introduction 
As outlined in Chapter 2, the function of the membrane in homogeneous catalyst 
recovery is to retain the catalyst and permeate the products, reactants and solvent.  A 
reactor effluent containing a homogeneous transition metal catalyst is fed to a membrane 
separator.  A catalyst-rich recycle stream is then recycled to the reactor from the mem-
brane retentate (fraction of the feed not permeated through the membrane) for further 
reaction and catalyst reuse.  In terms of the model hydroformylation reaction of focus in 
this research (Figure 5.1), the components to be permeated are toluene, 1-dodecene and 
tridecanal (as well as the CO/H2 syngas reactant).  The design intent of the membrane is 
to selectively restrict permeation of the rhodium triphenylphosphine catalyst complex 
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while permeating the above components.  The permeate stream will have a reduced 
catalyst content that can then be subjected to further separation steps to separate the 
reactants and solvent from the product.  The benefits of using a membrane for the catalyst 
recovery step have been outlined in Chapter 2. 
 
CH3(CH2)9CH CH2 CH3(CH2)9CH2 CH2 CH
O50:50 CO:H2
HRh(CO)(PPh3)3, Toluene1-Dodecene Tridecanal  
Figure 5.1: The hydroformylation of 1-dodecene to form tridecanal with a rho-
dium tristriphenylphosphine organometallic catalyst. 
 
A preliminary indication of the dominant mechanisms that drive this membrane 
separation – and consequently the material design approach for membranes to be applied 
to it – can be obtained from the physical properties of the feed components (Table 5.1).  
In membrane material selection, the two mechanisms by which membrane selectivity is 
attained are differences in penetrant solubility and diffusivity in the membrane material, 
following the solution-diffusion model for membrane transport (Section 2.1.1).  Lloyd 
and Meluch1 have shown that membrane solubility selectivity can be correlated to the 
differences in Hildebrand solubility parameters of the feed components for liquid separa-
tions.  Although, the solubility parameter of the catalyst is unknown, it is fair to assume 
that its solubility parameter is fairly close to that of the triphenylphosphine since this 
functionality is the predominant feature of the catalyst structure.  With this in mind, the 
differences in solubility parameters shown in Table 5.1 for all components are nominal 
and it appears that this membrane separation will not provide any significant solubility 
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selectivity.  Lack of solubility selectivity is a feature that can likely be applied to the 
general case of homogeneous catalyst recovery beyond this specific model reaction.  A 
criterion for solvent selection is high solvating ability for the reaction components and 
the strong interactions between these components will likely inhibit any solubility 
selectivity.  
 





van der Waals Volume 
(cm3/mol) 
HRh(CO)(PPh3)3 919 - 517a 
Triphenylphosphine 262 19.73 161 
Tridecanal 198 19.1 149 
1-Dodecene 168 16.6 126 
Toluene 92 18.2 60 
aAdditive contribution of tristriphenylphosphine, rhodium, carbon monoxide and hydrogen 
 
The large size of the catalyst, shown in terms of molecular weight and van der 
Waals volume in Table 5.1, relative to the other reaction components must be the means 
to achieve the separation.  Membrane materials that can selectively sieve the catalyst and 
permeate the smaller reaction components are the objective for this application.  The 
materials under consideration in this research are nonporous, and size selectivity is 
manifested in the diffusivity of the components in the dense polymer matrix, hence the 
terms: diffusivity selective or mobility selective membranes. 
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An analysis of the membrane performance of Matrimid and crosslinked blends is 
presented in this chapter with the purpose of identifying their suitability for homogeneous 
catalyst recovery.  It will be highlighted in the subsequent background section (Section 
5.2) that little fundamental understanding exists of the governing mechanisms of 
homogeneous catalyst recovery.  Therefore, the approach of this chapter is to attempt to 
geneous catalyst recovery.  Therefore, the approach of this chapter is to attempt to 
elucidate the relationship of factors such as component diffusivity and solubility to the 
ultimate catalyst rejections and product fluxes that can be achieved.  Furthermore, the 
influence of the diacetylene crosslinking agent on the transport properties will be investi-
gated to test the hypothesis that these materials can impart stability and selectivity while 
still maintaining membrane productivity. 
In the aim of achieving these goals, the permeabilities of toluene, 1-dodecene (do-
decene), and triphenylphosphine in Matrimid and blends with Oligomer 1 have been 
measured experimentally.  Toluene, as the reaction solvent, has significant impact on the 
catalyst rejection and membrane fluxes that can be achieved.  Prior work in solute 
recovery from liquid streams4,5 has found that the solute rejection is a strong function of 
the solvent medium.  This fact can aid in increasing the permeability of the product 
through the membrane, but can be detrimental to achieving significant catalyst rejection 
levels.  Therefore, the permeabilities of model product and catalyst species (dodecene and 
triphenylphosphine, respectively) have been measured in the toluene-swollen membrane 
material.  The choices of each model component have been dictated by their relative ease 
of experimental analysis.  Dodecene, due to its similar chemical structure and size is 
assumed to have transport properties commensurate with the product, tridecanal.  
Triphenylphosphine, the catalyst ligand, has been analyzed to observe the effects of 
membrane material modification on the catalyst subunit as well as provide a conceptual 
benchmark for the properties of the larger catalyst molecule.  Also, the rejection of 
triphenylphosphine may be a beneficial side product of the catalyst recovery, due to the 
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free ligand typically included in industrial reaction formulations.6  The species studied 
and their function in the reaction are summarized in Table 5.2. 
 
Table 5.2: Hydroformylation reaction components studied in transport experi-
ments. 




Reactant /  
Product Analogue 
CH3(CH2)9CH CH2  
Triphenylphopshine 














Synthesis of complex organic compounds often requires the use of soluble transi-
tion metal catalysts.7  However, the expense of these catalysts and intensive separation 
steps required to recover them from the reaction products often generates waste materials 
and consumes energy.  Membrane recovery of these catalysts has been recognized as a 
potentially energy efficient means to recover the catalyst in its active state.3,5,8-16 
To date, the work in implementing membranes for catalyst recovery has focused 
on proofs of concept utilizing commercial nanofiltration membranes.  Hydrogenation,14,16 
Heck coupling,10-12 oxidation,9 and hydroformylation3 are among some of the reactions 
that the catalyst has been proven to remain active after the recycle step.  In the few 
instances where catalyst recovery is reported, the rejections obtained are fairly good.  
Miller et al.3 demonstrated that a PDMS-based (polydimethylsiloxane, a common rubbery 
membrane material) commercial membrane was able to reject rhodium-organophosphite 
catalysts at levels >99% in an aldehyde solvent and >93% in acetone.  In a study of a 
Heck coupling reaction using a palladium catalyst, Nair et al.12 report initial catalyst 
rejections of 96% with a decline in rejection after recycle to 90% using a commercial 
polyimide membrane.  Catalyst decomposition was cited as the cause for the decline in 
rejection in this study, but it is also possible that this decline reflects some unsteady-state 
plasticization occurring during the course of the experiment.  An interesting study by 
Scarpello et al.5 measured catalyst rejection for three different catalyst species, varying 
the solvent medium and membrane.  A wide range of rejections was observed, from 60% 
to >99%, which were strongly influenced by membrane type and solvent medium.  No 
conclusive evidence or analysis was provided to explain the observed trends. 
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In the above-cited instances, the researchers were interested in demonstrating the 
ability of these membranes in catalyst recovery and not in material design.  The interac-
tion between the membrane, catalyst and other diffusing species is not very well under-
stood and may explain some of the variability exhibited when altering solvents or 
membrane types.  Additionally, the composition of the commercial membranes is often 
unknown and their asymmetric morphology prevents direct measurement of component 
diffusion rates.  The work presented in this research attempts to address this void in 





The polymeric materials and crosslinking agents used in this section are identical 
to those presented in Chapter 3.  Unless otherwise specified, the crosslinking agent used 
in the blends is Oligomer 1.  The chemicals studied in transport measurements are listed 
in Table 5.3.  All compounds were used as received. 
 
Table 5.3: Reagents for transport studies and their function in the model reac-
tion. 
Chemical Purity CAS No. Supplier 
Toluene ≥99.5% 108-88-3 Aldrich 
1-Dodecene ≥99% 1121-41-4 Fluka 
Triphenylphosphine 99% 603-35-0 Aldrich 




5.3.2 Film Casting 
All transport studies were performed on dense, nonporous films.  The benefit of 
using dense films as opposed to composite or asymmetric membrane materials is their 
homogeneous structure and quantifiable thickness.  From transport studies on the dense 
films, intrinsic material properties can be found. 
Lack of solubility of the crosslinkable oligomer (Chapter 3) made choice of cast-
ing solvent difficult.  Hexafluoroisopropanol (HFIP) was the only solvent studied that 
would readily dissolve the host polymer, Matrimid, as well as the crosslinkable oligomers 
in significant concentrations.  At the start of film preparation, Matrimid and crosslinking 
agents were dried under vacuum without heating for 4 hours to remove residual water.  
Crosslinking agent and Matrimid were weighed out in the proper ratios for a given blend 
prior to addition of solvent.  All subsequent steps in film formation were performed in a 
nitrogen purged glovebag due to the hygroscopic nature of the HFIP solvent and the 
resultant polymer precipitation that would occur if the solutions were exposed to ambient 
moisture.  HFIP was added to the dry polymer / oligomer to give solutions containing 1 – 
2 wt% polymeric material.  Approximately one hour of mixing was sufficient time for 
dissolution.  Films were cast in 2.25” stainless steel rings on mirrors.  The polymer 
solution was filtered through a 0.45 µm (PTFE, Cole-Parmer) syringe tip filter into the 
casting ring.  5 mL of solution in a ring would result in a final, dried film thickness of 
approximately 25 µm, which was the standard thickness used in all experiments.  A slight 
nitrogen purge was maintained in the glovebag while the solvent evaporated over the 
course of 2 days. 
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After solid films were formed in the casting rings, the mirror was removed from 
the glovebag and the nascent films were removed from the mirror by floating off with 
deionized water.  Drying steps to remove residual HFIP were complicated by complex 
formation between the solvent and the carbonyl groups of the polyimides.17  Sturgill17 
found that a heat treatment of 180 °C for 3 days was sufficient to break this complex and 
remove the remaining HFIP.  Therefore, films were dried under vacuum according to this 
procedure, with a 30 °C/hr ramp from ambient conditions to 180 °C to prevent macrovoid 
formation.17  Annealing of the films to activate crosslinking (or anneal neat Matrimid) 
was then performed at 250 °C for 24 hours. 
To get a greater appreciation of the influence of annealing, untreated Matrimid 
films were cast in chloroform (ACS Grade, Aldrich) to avoid complex formation and 
exposure of the films to the 180 °C temperature of HFIP decomplexation.  Casting 
conditions were the same as the HFIP-cast materials with the exception of a 3-day drying 
period of 100 °C.  Solvent exchange of any residual chloroform in the material after the 
drying step occurred in preswelling of the films in toluene performed before transport 
studies. 
 
5.3.3 Toluene Diffusion and Hydraulic Permeability 
Toluene diffusion and hydraulic permeability have been measured in hydraulic 
permeation experiments.  In this membrane operation, a pure liquid is fed to a polymer 
film and permeation is induced through the application of pressure on the feed.  Details of 
the experimental apparatus and parameter calculation from these tests are given in 
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Appendix A.  All experiments were run at 35 °C with motive pressure supplied as a 
nitrogen pressure head on the liquid. 
Due to the high sorption of toluene in the polymers studied, films were preswelled 
in toluene prior to testing to reduce dimensional changes that may occur.  This reduced 
the possibility of film failure due to swelling once placed in a membrane test cell and its 
area was constrained.  An added benefit of preswelling is a reduction in the time needed 
to achieve steady-state diffusion in the polymer due to the slow kinetics of the material.  
Based on the kinetic studies of Chapter 4, the films were soaked in toluene at least 4 days 
before testing in hydraulic permeation. 
 
5.3.4 Dialysis Permeability Measurements 
The permeabilities of 1-dodecene and triphenylphosphine were determined in di-
alysis experiments.  Dialysis is the transport of a solute through a membrane that sepa-
rates solutions of different solute concentration.  Each dialysis experiment began with a 
“feed” solution of the compound of interest in solution with toluene and a “permeate” 
solution of toluene, each 100 mL.  The initial feed concentrations used were 6 mmol/L 
for triphenylphosphine and 50 mmol/L for dodecene for each dialysis experiment. 
Solute (triphenylphosphine and dodecene) permeabilities were determined using 
the experimental apparatus and calculation methods detailed in Appendix A.  In dialysis, 
the sole driving force is the difference in solute concentration in the two solutions sepa-
rated by the membrane set at the start of a run.  The basic apparatus of the hydraulic 
permeation tests was used, except with the known permeate volume of toluene connected 
to the permeate side of the membrane test cell.   The feed and permeate volumes were 
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well-mixed and the increase in solute concentration in the permeate volume was moni-
tored with respect to experiment time to determine permeability.  An Agilent Model 6890 
gas chromatograph (GC) equipped with a 5% phenyl methyl siloxane capillary column 
(Agilent HP-5, 30m long x 0.25 µm nominal diameter) and a flame ionization detector 
(FID) was used to detect solute concentration via reference to the solvent peak area.  
Again, all polymer films tested in dialysis were preswelled in toluene and the experiment 
was conducted at 35 °C. 
 
5.3.5 Solute Rejection 
The ability of the polymer films to retain dissolved solutes was tested in rejection 
studies.  In these studies, the permeation apparatus was run in a similar manner to 
hydraulic permeability, collecting liquid permeate for analysis.  A flow diagram of the 
apparatus is shown in Figure 5.2.  Feeds of solute in solution with toluene were fed to the 
membrane test cell, with the liquid permeate collected and analyzed for solute concentra-
tion.  The 100 mL Parr reactor unit feeding the membrane was agitated at 400 rpm and 
feed pumps to the membrane test cell circulated the fluid at 100 mL/min to limit concen-
tration polarization, a factor that can reduce the apparent membrane rejection due to mass 
transfer limitations at the membrane surface.18  The low fluxes through the polymer films 
and the turbulence generated through fluid recirculation is sufficient to render concentra-
tion polarization negligible.  A purge volume of 3 mL (holdup volume of the membrane 
test cell x 2) was allowed to permeate before a sample to be analyzed was collected to 
ensure steady state concentrations.  The GC was used to determine the solute concentra-
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Figure 5.2: Diagram of experimental apparatus employed in rejection studies. 
 
In these experiments as well as catalyst rejection (Section 5.3.6), the influence of 
the osmotic pressure, π, of the solute has been evaluated using the van’t Hoff equation 
(Eq. 5.1).  It is typical in analysis of solute rejection to account for osmotic pressure 
effects by reducing the pressure driving force by osmotic pressure ( π−∆p ), which has 
been applied here.  However, because of the low concentrations (cS) used in each of the 
experiments (as well as in practice), this osmotic pressure effect is negligible with the 
maximum experimental π < 0.25 atm.  
RTcS=π  (5.1) 
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5.3.6 Catalyst Rejection 
Catalyst rejection experiments were conducted in the same manner as solute re-
jection experiments.  Due to the air and moisture sensitivity of the rhodium catalyst, 
solutions were prepared in a nitrogen-purged glove box.  The permeation apparatus was 
dried under vacuum prior to the rejection experiments and run with an inert nitrogen 
atmosphere.  Detection of the catalyst concentration was performed using inductively 
coupled plasma (ICP) atomic emission spectroscopy.  A Perkin-Elmer Optima 3000-DV 
was used to analyze rhodium content.  The Analytical Chemistry Group at the Institute of 
Paper Science and Technology at Georgia Tech conducted sample preparation and 
analysis. 
Due to incompatibilities of the instrument internals with the organic solvent tolu-
ene, an aqueous based solution had to be prepared.  The procedure for sample preparation 
is as follows:  A metered amount (500 µL) of a catalyst solution was put into a sample 
vial and the toluene was allowed to evaporate, leaving the nonvolatile catalyst behind.  5 
mL of nitric acid (HNO3) was added and the solution was boiled for 30 minutes.  5mL 
hydrogen peroxide (H2O2) was added to that and boiled again for 30 minutes.  A final 
boiling step followed the addition of hydrochloric acid (HCl, 5 mL).  To bring the final 
sample volume up to 5 mL, deionized water was added.  Samples of known rhodium 
concentration were referenced to an internal standard to confirm complete recovery of the 




5.3.7 Solute Solubility in Polymers 
Determination of solute solubility in the polymeric materials serves two functions 
in this research.  First, according to the solution-diffusion model, solute permeability is a 
function of solubility and an understanding of its influence on solute flux can better 
characterize this system.  The other function of solubility measurement is a more practi-
cal matter.  Since permeability is the only measured quantity in the dialysis experiments, 
the solubility can then be used to determine solute diffusivity in the polymers. 
The solubility of the solutes in the polymers can be related to their liquid compo-
sition through an equilibrium partitioning coefficient, Ki.  This value should be a constant 
at the small solute concentration ranges investigated in the toluene-swollen polymers.19  
Ki has been measured by a method of sorption followed by solvent extraction. 
A polymer sample is placed in an adsorption solution of known solute concentra-
tion ( ) in toluene.  The volume of this solution (20 mL) is quite large relative to the 
polymer sample (100 mg, or ~0.08 mL) so that its concentration can be assumed constant 
during the sorption step, although measurements of concentration by GC were performed 
at the start and end of each solubility test to confirm this.  Equilibration of the solution 
and polymer was allowed to occur over 10 days in a sealed container: a conservative 
estimate based on the toluene sorption kinetics of Chapter 4 and low solute diffusivity in 
the material.  After this, the polymer film was removed from the sorption solution, patted 
dry to remove excess solvent and placed in a desorption bath of pure toluene.  Potential 
exists for inaccuracy due to the presence of residual solution on the films and ambient 
desorption before transfer from bath to bath.  Multiple tests showed a reproducibility of 




glovebag that was toluene-saturated by open beakers of toluene to prevent excess desorp-
tion from the films.  Furthermore, the solutes investigated in this manner, dodecene and 
triphenylphosphine, have very low volatilties and little loss of the sorbed components 
should have occurred through the vapor phase.  The volume of the desorption bath (4 
mL) was dictated by the detection limits for the solutes in the GC.  After another 10 days 
was allowed for the solute to desorb to its equilibrium partitioning between the toluene 
solution and the polymer, the solute concentration of the desorption bath ( ) was 
measured.  A mass balance on the solute is then used to determine the value of its parti-


















K  (5.2) 
where  is the volume of the desorption bath and  is the volume of the toluene-
swollen polymer sample, determined from the sorption relationships of Chapter 4.  The 




i cKc =  (5.3) 
 
5.4 Results and Discussion 
Transport data is presented here in the interest of characterizing the effects of 
changes in material properties of Matrimid and blends induced by thermal treatment and 
blending and their impact on separation characteristics for homogeneous catalyst recov-
ery.  The separation of factors contributing to component flux has been performed with 
the objective of identifying their influence on the material efficacy.  For a uniform basis 
of comparison, the transport properties in annealed Matrimid will be compared to the 
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blends.  Though not shown, the untreated Matrimid shows uniformly higher transport for 
all components relative to the other materials. 
 
5.4.1 Toluene Transport 
Toluene thickness-normalized flux in the polymer films at a 10 atm pressure driv-
ing force (∆p) is shown in Table 5.4.  Flux decreases as the crosslinking agent content of 
the blends increases, nearly by a factor of two for each additional step in blend concentra-
tion. 
 
Table 5.4: Thickness normalized fluxes of toluene in Matrimid and Oligomer 1 
blends for a feed pressure of 10 atm at 35 °C. 
Material Flux  (L-µm/m2-hr) 
Annealed Matrimid 13.8 ± 0.8 
5% Blend 8.7 ± 0.4 
10% Blend 4.7 ± 0.4 
 
The diffusivity and hydraulic permeability of toluene in Matrimid and the blends 
with Oligomer 1 is shown in Figure 5.3.  Diffusivities and permeabilities were deter-
mined at various applied pressures and it was found that an average value over the 
pressure ranges studied described the system well (Appendix A.2).  These averages are 
the values reported in Figure 5.3. 
The hydraulic permeability relates flux to driving force, so the permeability trend 
in the materials matches the fluxes shown in Table 5.4.  Permeabilities for the materials 
decrease in the same order: annealed Matrimid > 5% Blend > 10% Blend.  Following the 
solution-diffusion model, the factors affecting this trend are the sorption and diffusion of 
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toluene in the polymer films.  The observations in the sorption studies of Chapter 4 were 
that sorption of toluene was reduced in blends of Matrimid with the crosslinking agent.  
Thus, it appears that one factor affecting the decline in flux of these materials is reduced 
toluene sorption.  This is a predictable result based on the relatively high toluene sorption 



















Figure 5.3: Hydraulic permeability and diffusivity of toluene in Matrimid and 
blends with Oligomer 1 measured at 35 °C.  Transport data was ob-
tained in hydraulic permeation. 
 
Toluene sorption can also indirectly affect flux through reduction of polymer 
chain mobility or plasticization as toluene content in the polymer decreases.  Addition-
ally, polymer mobility is reduced through network formation and increased polymer-
polymer interactions such as those suggested to occur in the annealing of Matrimid 
(charge transfer complex formation, Chapter 4).  These two factors affecting polymer 
mobility are manifested in the diffusivities of toluene in the polymer.  The diffusivities 
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shown in Figure 5.3 show a declining trend with the addition of crosslinking agent 
suggesting that reductions in both sorption and diffusion are influencing the toluene 
permeability. 
An interesting facet of the toluene diffusivities in these materials is that they sug-
gest the polymers are in the rubbery state.  Similar to thermal and mechanical properties, 
transport properties in polymers are significantly affected by the enhanced segmental 
mobility which occurs when the polymer transitions from a glassy to rubbery state.18  
This is observed as a marked difference in penetrant diffusion rates in glassy versus 
rubbery polymers.  The toluene diffusivities in Matrimid and blends are on the same 
order of magnitude as those measured by Paul and Ebra-Lima20 for several solvents in 
natural rubber.  As it was introduced in Chapter 4, the degree of toluene sorption in these 
materials is sufficient to indicate suppression of the glass transition temperature below 
the experimental temperature of 35 °C.  In terms of homogeneous catalyst recovery, the 
rubbery state of these materials can have the effect of enhancing flux of the desired 
components, increasing the productivity of the membrane.  This is quite desirable due to 
the large portion of the membrane feed that is required to permeate in these applications.  
The solute permeabilities and catalyst rejections presented in the subsequent sections of 
this chapter suggest that it is possible achieve selective materials for this separation with 
these polymers in the rubbery state.  
Impact of Blend Phase Morphology 
Continuing with the same morphological understanding of the materials that has 
been developed in Chapters 3 and 4, the s-IPN structure of the 5% Blend should have 
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mobility restriction due to the formation of crosslinks.  The reduction in toluene diffusiv-
ity in the 5% Blend relative to the annealed Matrimid supports this interpretation.   
A model of the 10% Blend as a two-phase material with a continuous phase that 
possesses essentially the same properties as annealed Matrimid and a non-sorbing secon-
dary phase of crosslinked oligomer was put forth in Chapter 4.  If we extend that model 
to assume that the phase separated domains are not only non-sorbing, but also imperme-
able to toluene (a valid assumption considering the extremely low sorption of toluene in 
the crosslinked oligomer as well as its highly crosslinked structure) the diffusion charac-
teristics in this idealized material can be predicted.  The effective diffusion coefficient, 
Deff, of a small solute through a medium containing impermeable spheres periodically 

















φ  (5.4) 
where D is the diffusion coefficient of the material without the spheres and Iφ  is the 
volume fraction of the impermeable spheres.  Applying Eq. 5.4 to the above morphology 
with %4.8=Iφ  (based on AFM analysis of the dispersed domains in the 10% Blend, 
Section 3.4.4) predicts that the effective diffusivity of the blend would be 88% of the host 
polymer (annealed Matrimid in this case).  In contrast, the measured toluene diffusivity in 
the 10% Blend is only 39% of the annealed Matrimid diffusivity.  This discrepancy 
suggests that the simplified morphology of annealed Matrimid with impermeable do-
mains that was assumed is not entirely accurate.  One possible explanation for the dis-
crepancy is that because the dispersed phase does not contain the entirety of crosslinkable 
oligomer in the blend (8.4% versus 10%), the continuous phase may possess some s-IPN 
 
122
character, which will lower the diffusivity through mobility restriction in addition to the 
tortuosity of diffusion path introduced by the crosslinked domains. 
 
5.4.2 1-Dodecene and Triphenylphosphine Transport 
The equilibrium partitioning of the solute between liquid solution and polymer 
provides the sorption contribution to transport.  The values for the partition coefficient, 
Ki, are shown in Table 5.5.  For each solute measured, the sorption increases with the 
addition of crosslinking agent.  This is a somewhat unfortunate and unanticipated result 
for the triphenylphosphine, which is assumed to be representative of the sorption charac-
teristics of the catalyst.  Since it is the design intent of these membrane materials to reject 
the catalyst, the increase in permeability that accompanies this sorption increase is 
counterproductive.  The influence of the increased sorption is compounded when taking 
into account the flux coupling effects observed in similar systems,4,5 reviewed in Chapter 
6.  In a system with flux coupling, collisions with the faster moving component – toluene 
in the model case – drag the solute through the membrane reducing rejection and these 
effects are generally enhanced with increasing solute sorption.  However, in regards to 
dodecene, these effects are useful in increasing its flux through the membrane. 
The origins of the higher blend sorption of triphenylphosphine and dodecene may 
be attributed to the increase in concentration of unsaturated and conjugated bonds 
through addition of the crosslinking agent.  As presented in Chapter 3, the reactions of 
the diacetylene and terminal acetylene functionalities in the crosslinking oligomer both 
form highly conjugated structures.  This increases the opportunities of the double bond of 
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the dodecene and the unpaired electrons of triphenylphosphine to interact with the 
polymers. 
 
Table 5.5: Partition coefficients for dodecene (DOD) and triphenylphosphine 
(TPP) in Matrimid and blends with Oligomer 1 relative to solutions 
in toluene. 
Material KDOD KTPP 
Annealed Matrimid 0.33 ± 0.01 0.39 ± 0.05 
5% Blend 0.39 ± 0.01 0.73 ± 0.12 
10% Blend 0.45 ± 0.01 0.55 ± 0.09 
 
The augmented sorption of dodecene in the blends results in enhanced permeabili-
ties, as shown in Figure 5.4.  Dodecene permeability remains relatively unchanged when 
the crosslinking agent is added to Matrimid.  However, dodecene diffusion coefficients 
(obtained by dividing permeability by the partition coefficient following Eq. 2.7) are 
reduced.  This follows the trend of the crosslinking agent reducing mobility in the manner 
that has thus far been established.  Therefore, it seems that the rise in sorption negates the 
drop in diffusion resulting in minimal permeability changes for the blends.  Figure 5.5 
shows similar behavior for triphenylphosphine permeabilities.  Increases in sorption of 
























Figure 5.4: Permeability and diffusivity of dodecene in Matrimid and blends 
with Oligomer 1 measured at 35 °C.  Transport data was obtained in 




















Figure 5.5: Permeability and diffusivity of triphenylphosphine in Matrimid 
and blends with Oligomer 1 measured at 35 °C.  Transport data was 




There is a marked difference in the permeabilities of the reaction components that 
enables selective separation.  The plot in Figure 5.6 shows that permeability is a strong 
function of penetrant size.  This confirms the original assertion that this separation is 
based strongly on mobility selectivity.  Toluene permeabilities are on average 100 times 
greater than that of triphenylphosphine.  In terms of product selectivity, the permeabilities 
indicate an average of 3.5 times greater transport rate for the dodecene over the triphenyl-
phosphine.  Though this value is low, the catalyst is over three times larger than the 
triphenylphosphine molecule and the trend of Figure 5.6 indicates that it will have a 
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Figure 5.6: Plot of single component permeability as a function of molar vol-
ume for hydroformylation components in annealed Matrimid (▲), 




Figure 5.6 also shows that addition of the crosslinking agent has little impact on 
enhancing the ideal selectivity of Matrimid.  It has already been seen that solute sorption 
characteristics contribute to the minimal effect of the crosslinking agent on selectivity.  
Another factor that may diminish the effects of blending is the fairly large fraction of 
toluene sorbed by these materials, with each of the materials sorbing over 25 wt% 
toluene.  It has been observed in similar systems19 that the solute diffusivity is a strong 
function of the solvent content in the membrane, thus reducing the impact of mobility 
restriction.  However, viewing the permeability alone does not account for the flux 
coupling effects that are present in this system.  This feature of penetrant transport in 
these materials is apparent in the mixed component permeation of the rejection studies 
presented in the following section. 
 
5.4.3 Rejection Studies 
In the rejection studies of the various reaction components, experimental condi-
tions simulate the catalyst recovery step.  It follows a reverse osmosis mode of operation 
with a liquid mixture fed to the membrane under an applied pressure.  The concentration 
gradient for all penetrants lies in the same direction unlike the dialysis experiments.  
Therefore, interactions of the permeating components can be seen in this operation, 
particularly the influence of the faster permeating toluene on the slower solutes.  Because 
of the high levels of sorption, a significant probability exists that toluene can “drag” the 
solutes through the membrane and reduce the rejection. 
The rejection of dodecene and triphenylphosphine by Matrimid and Oligomer 1 
blends is shown in Table 5.6.  Dodecene, shown to have a higher permeability in dialysis, 
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has a consistently lower rejection than triphenylphosphine for all of the materials.  
Triphenylphosphine rejection increases with crosslinking agent content with the highest 
rejection given by the 10% Blend, retaining about 43% of the triphenylphosphine fed to 
it.  If we neglect the interactions between toluene and the solute, the solution-diffusion 
model (using Eqs. A.17 and A.20) predicts significantly higher rejections than those 
experimentally observed, shown in Table 5.7.  In fact, because the toluene permeability is 
decreasing with increasing crosslinking agent content and solute permeability is mini-
mally changed, the rejection trend is opposite what we observe experimentally for 
triphenylphosphine. 
 
Table 5.6: Experimentally measured rejections for dodecene and triphenyl-
phosphine in solution with toluene for Matrimid and Oligomer 1 
Blends for a feed pressure of 7 atm at 35 °C.  Rejection values re-
ported as mean values with deviation as error. 
Material DODℜ  (%) TPPℜ  (%) 
Annealed Matrimid 14 ± 3 20 ± 2 
5% Blend 23 ± 3 28 ± 4 
10% Blend 16 ± 2 43 ± 2 
 
Table 5.7: Predicted values for the rejections for dodecene and triphenyl-
phosphine using the solution-diffusion model equations neglecting 
interactions between the solvent and solute in the membrane. 
Material DODℜ  (%) TPPℜ  (%) 
Annealed Matrimid 67 91 
5% Blend 56 84 




It appears that pentrent-penetrant interactions are indeed influencing the solute 
fluxes observed in the rejection studies.  A simplified look at the transport will explain 
the origins of this occurrence.  Fluxes observed in membrane systems are relative to a 
stationary frame of reference, usually defined by the membrane.  The flux of a compo-
nent relative to a stationary frame of reference, ni, can be expressed as: 
i
j





with the typical23 j and n notation for flux relative to the mass average velocity and 
stationary frame of reference, respectively.  Typically membrane separations are based on 
the diffusive contribution to the flux j, which is what has been calculated in Table 5.7.  
However, when solute sorption is substantial, as in the solute rejection studies, the 
contribution of the first term on the left hand side of Eq. 5.4 (termed “bulk flux” here) 
affects the solute flux.  As the solute sorption increases so does the contribution of the 
bulk flux, diminishing the benefits gained by the large differences in diffusion between 
the solute and the solvent.  The increased solute flux that results reduces the membrane 
rejection of the solute.  Additionally, the much larger flux of the solvent dominates the 
total flux through the membrane, the other factor influencing the bulk flux.  Increases in 
the solvent diffusion through the membrane may also lead to reduced solute rejections. 
This generalized analysis can explain some of the previously cited solvent-solute 
coupling effects as well as the trend in triphenylphosphine rejection observed here where 
the triphenylphosphine rejection is higher for the materials with lower toluene sorption 
and fluxes.  A more detailed analysis of the coupled transport using the Maxwell-Stefan 




5.4.4 Catalyst Rejection 
The expectations that the membrane rejection of the catalyst would exceed that of 
the other components in the model reaction mixture were confirmed in the rejection 
studies of catalyst in solution with toluene, shown in Table 5.8.  All of the materials 
studied show higher rejection relative to the rejections of dodecene and triphenyl-
phosphine.  The behavior of permeability relative to penetrant size from Figure 5.6 
suggests that this is largely due to the large size of the catalyst relative to the other 
components.  This effect of catalyst size on rejection is particularly emphasized when 
considering that its solubility characteristics should be similar to those of triphenyl-
phosphine, which would indicate that mobility selectivity is the primary means to achieve 
permeability differences between these two components. 
 
Table 5.8: Rejection of HRh(CO)(PPh3)3 catalyst for various materials for a 
feed pressure of 7 atm at 35 °C.  Feed for rejection experiments was 
a 2 mmol/L catalyst solution in toluene. 
Material Catℜ  (%) 
Annealed Matrimid 40 ± 4 
5% Oligomer 1 Blend 76.3 ± 1.7 
10% Oligomer 1 Blend 91.5 ± 0.6 
10% Oligomer 2 Blend 87.3 ± 1.3 
 
The catalyst rejection behavior of the materials relative to crosslinking agent con-
tent behaves in a similar manner as triphenylphosphine, with catalyst rejection increasing 
as crosslinking agent content in Matrimid is increased.  The 10% Oligomer 1 blend 
showed the highest rejection at 91.5%, which is comparable to the >90% catalyst rejec-
tions observed by other researchers cited in Section 5.2.  Based on the generalized 
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approach to flux coupling introduced in Section 5.4.3, the improved performance of the 
10% Blend relative to the 5% Blend may be due to the reduced catalyst sorption and 
toluene permeability in this material, both of which will have the effect of reducing the 
coupling of the toluene and catalyst flux. 
A final test of the higher molecular weight crosslinking agent, Oligomer 2, was 
conducted in order to determine the presence of any effects of crosslinking agent reactiv-
ity or structure in this separation.  As in the sorption experiments of Chapter 4, it appears 
that very little difference in transport is achieved through the use of the higher molecular 
weight crosslinking agent. 
It is interesting that the 10% Blend, with an apparent phase-separated morphol-
ogy, exhibits the highest catalyst rejection.  This may suggest that incorporation of an 
impermeable, non-sorbing filler into a polymer may be a means to enhance selectivity.  
However, some caution must be exercised in this interpretation, both practically and in 
phenomenological terms.  The small size of the phase-separated domains as well as their 
chemical similarity to the host polymer are likely enhancing the compatibility of the 
phases at their interface.  When the domain size and concentration of the dispersed phase 
increases, nonselective interfacial gaps occur between the continuous phase and filler.24  
This can result in embrittlement of the material such as in the phase-separated blends 
above 10 wt% oligomer observed in Chapter 4 as well as losses in selectivity such as 
those viewed by Merkel et al.25 when combining fumed silica with poly(1-trimethylsilyl-
1-propyne) or Barrer’s work with rubbers.24  Furthermore, the simple analysis of the 10% 
Blend as Matrimid with filler in Section 5.3.3 did not adequately account for its drop in 
diffusivity relative to annealed Matrimid, suggesting that the continuous phase properties 
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are different than those of Matrimid.  This characteristic may be influencing the rejec-
tions achieved with the 10% Blend as well. 
 
5.4.5 Homogeneous Catalyst Recovery Application 
An estimate of the membrane area required for the model hydroformylation reac-
tion has been performed to assess the feasibility of utilizing the 10% Oligomer 1 / 
Matrimid blend for this application.  The high fluxes of toluene and product through this 
material offer the ability to operate with a two-stage membrane recovery, with the 
permeate from the first stage feeding the second stage, as shown in Figure 5.1.  Based on 
the rejection reported in Table 5.8, this should give an overall catalyst rejection exceed-
ing 99% for the recovery step.  Values for the component rejections and permeabilities 
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Figure 5.7: Process flow diagram for two-stage membrane recovery of a homo-
geneous catalyst.  Based on the catalyst rejection of the 10% Blend 




The productivity of commercial membranes is typically optimized by reducing 
their thickness (e.g. asymmetric and composite membranes).  In the determination of area 
requirements for this estimate, this optimization has been assumed and a conservative 
value of the membrane thickness of 0.5 µm has been assumed (typical values for asym-
metric membrane thickness range from 0.1 – 0.2 µm18).  Reaction conditions employed in 
the estimate are within the range typically found in industrial hydroformylation of higher 
alkenes.6,26  The reactor operating pressure of 15 atm is used as the motive force for 
permeation in the first stage; the second membrane stage operates at the same feed 
pressure of 15 atm, which requires repressurization, schematically shown as a booster 
pump in Figure 5.7.  The catalyst and product content of the reactor effluent are 250 ppm 
and 20 mol%, respectively. 
On the basis of the above input values, the total membrane area requirement for 
an aldehyde production of one kiloton per year is 120 m2.  A typical 8 inch diameter by 
40 inch long spiral wound reverse osmosis membrane module contains 20 – 40 m2 of 
membrane area.18  Therefore, a process with this production capacity would require 
somewhere between 3 and 6 of these modules.  To put this in perspective of reactor 
volume, the kinetic model of Bhanage et al.27 indicates that a reactor volume of approxi-




Matrimid and blends of Matrimid with the novel diacetylene-functionalized 
crosslinking agent, glassy polymers in the dry state, undergo a transition to rubbery 
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material as evidenced by the diffusivity of toluene in the materials.  The rapid diffusion 
of toluene in these materials combined with high sorption provides a high flux membrane 
material.  Blending of Matrimid with crosslinking agent reduces flux, but increases the 
ability of these materials to selectively restrict permeation of large molecular weight 
solutes such as the rhodium-triphenylphosphine catalysts used in hydroformylation 
reactions. 
The relative permeabilities of toluene, dodecene, and triphenylphosphine are 
functions of their molecular size, supporting the initial assertion that this would be the 
dominant mechanism of separation.   However, the rejection studies of the solutes show 
flux coupling effects that increase the solute flux through interactions with toluene in the 
polymer phase, effectively reducing rejection.  There is a correlation between these 
coupling effects and the solute sorption as well as toluene sorption and flux.  The material 
with the lowest toluene sorption and flux, the blend of 10% crosslinking agent and 
Matrimid, exhibited superior catalyst rejection indicating that the reduction in coupling 
effects in this material has aided the separation. 
It appears that the chemistry of the crosslinking agent enhances the solubility of 
the catalyst ligand, triphenylphosphine, and likely the catalyst itself.  To a certain extent, 
the increased catalyst sorption counters the design intent of the crosslinking agent be-
cause it inhibits the decrease in solute permeability that would aid in restricting its 
rejection.  Future membrane materials following the blending approach of this research 
may want to consider alternate crosslinking agent chemistries to inhibit this effect and 
gain better selectivity. 
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The 10% Blend material has a >90% rejection of a rhodium transition metal cata-
lyst used in hydroformylation, which is comparable to membrane rejections measured for 
other catalysts in other research.3,5,12  Analysis of the required membrane area based on 
the measured transport properties of this material suggests the feasibility of using the 
membrane in a catalyst recovery process.  However, to fully address a membrane unit 
operation for such a process, additional factors such as long-term stability of the material, 
membrane fouling, membrane fabrication, and catalyst stability must be examined.  
Furthermore, opportunity exists for membrane material optimization in terms of flux and 
rejection behavior following the observations made in this research.   
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The results yielded in the multicomponent separations of Chapter 5 have shown 
significant deviation in separation performance from that which would be predicted from 
their single component transport values, or “intrinsic” properties. These differences 
between the measured and predicted separation have been attributed to flux coupling 
phenomena.  The following chapter endeavors to find a theoretical explanation for the 
observed phenomena through application of the Maxwell-Stefan formulation for multi-
component mass transfer to a membrane process.   
 
6.1 Introduction 
It is often acceptable in membrane separations, particularly in the prevailing re-
search area of gas separations, to determine membrane permeabilities using a moving 
frame of reference.  This can be illustrated using the n and j1 notations for flux relative to 
a stationary frame of reference and the average velocity, respectively: 
AMAAA jnnwn ++= )(  (6.1) 
where 
dz
dwDj AAMA ρ−=  (6.2) 
In the case of membrane separations, component A is the permeating component, 
component M would be the membrane, and  is the diffusivity of component A in the AMD
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membrane.  Since , omission of the term 0=Mn )( MAA nnw +  is adequate when the 
fraction of the component A sorbed in the membrane, , is quite small and this is true 
in many cases (particularly simple gases).  For single component diffusion in a mem-
brane, Eq. 6.2 can then be used to derive an expression such as Eq. 2.6 to describe the 
flux for component A through the membrane.  If permeation of binary mixtures is being 
evaluated for components A and B and component B also has a small sorption level, 
independent calculations of the fluxes of components A and B using Eq. 6.2 can give a 
good estimate of the membrane selectivity.  Because of the dilute concentration of the 
components in the membrane phase, there are limited interactions between the two 
components. 
Aw
For homogeneous catalyst recovery, the solvent sorption is not negligible and the 
full stationary frame of reference must be utilized, where the point of reference is the 
membrane or polymer film.  Eq. 6.1 has been successfully demonstrated by Paul and 
Ebra-Lima2 to describe the single component transport of organic solvents through a 
highly swollen rubber.  As illustrated in Appendix A and Chapter 5, this same approach 
has been used in this research for the measurement of toluene diffusivity in the mem-
brane. 
However, when evaluating membrane permeation of multicomponent mixtures 
where one or more of the components is highly sorbed, Eq. 6.2 is no longer valid because 
it contains only binary diffusivities in the expression of each component’s flux.  The 
diffusion of a feed mixture in a membrane exceeds the binary conditions implicit in Eq. 
6.2 (membrane, components A, B, ...,N).  A transport model that accounts for the influ-
ence of each component in the membrane on the resulting flux is necessary.  The Max-
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well-Stefan transport equation considers these factors and will be highlighted in the 
subsequent sections of this chapter as a means to treat the multicomponent diffusion that 
is occurring in the membrane permeation of a mixture. 
In membrane literature, the influence of different mobile species in a membrane 
on each other is often called “coupling.”  This categorization is often broadly assigned.  
Two prevalent sources of coupling are plasticization and so-called bulk or convective 
flux effects.  In a plasticized membrane, deviations from measured single component 
permeabilities occur due to the increased polymer mobility (and consequently increased 
diffusivity) caused by the introduction of a plasticizing component in the feed.  Bulk flux 
effects result directly from penetrant-penetrant interactions.  The bulk flux effect is 
generally viewed as a faster permeating component “dragging” the slower components 
along with it through the membrane, giving a higher permeability for the slower compo-
nent than its single component case or for different mixtures.  This treatment will focus 
on the latter case, though “convective effects” is somewhat of a misnomer since transport 
is still diffusive.  The role of plasticization in membrane transport is widely studied, but 
the coupling effect from penetrant-penetrant interactions is not as well understood. 
The high concentration of toluene in the polymers under consideration in this 
work is a cause to believe that there will be significant penetrant-penetrant interactions 
between the toluene and solutes.  These interactions of the more permeable toluene with 
the slower permeating solute are a likely cause for the higher solute fluxes observed in 
rejection experiments compared to dialysis.  Examples of flux coupling are evident in 
other membrane studies.  Bhanushali et al.3 cited solvent-solute coupling as a source for 
the variability of rejection observed in nanofiltration studies of dyes using different 
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solvents.  In their work with commercial nanofiltration membranes, solvents with higher 
membrane permeability gave poorer rejections for the same dye.  Even in a gas separa-
tion study, which has sorption levels that are quite low relative to the solvent in this work, 
Kamaruddin and Koros4 found coupling effects in a CO2/CH4 separation after separating 
the flux into bulk and diffusive components. 
A question that may be asked at this point is: if high sorption reduces rejection, 
why not just choose a material with lower sorption?  An answer to that is that some 
swelling may be desirable in order to obtain reasonable flux.  In the catalyst recovery 
application, the component that is rejected represents only a minor fraction of the feed.  
Therefore, a large portion of the feed must permeate the membrane and a high flux is 
required to obtain a reasonable membrane area for the separation.  It is the objective of 
the analysis presented here to gain some phenomenological understanding of the trade-off 
between rejection and flux.  This has been performed to aid in the selection and design of 
materials for this type of application.  An introduction to the Maxwell-Stefan transport 
formulation followed by its application to homogeneous catalyst recovery endeavors to 
elucidate this relationship. 
 
6.2 Original Maxwell Stefan Formulation 
The Maxwell-Stefan formulation has been widely accepted as a means to describe 
multicomponent transport.5,6  Use of the Maxwell-Stefan equation has been demonstrated 
to model phenomena related to coupling, such as transport against a concentration 
gradient or transport without a driving force that cannot be described through the classi-
cal Fickian formulation.7  In order to provide a groundwork for the application of this 
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approach to membrane separations such as the homogeneous catalyst recovery, an 
overview of its basis is provided here.  An adaptation of the Maxwell-Stefan formulation 
for its application to systems involving diffusion in polymers is presented in Section 6.3.  
The primary source for the development of the general Maxwell-Stefan equations pre-
sented is the simple kinetic theory of diffusion given by Taylor and Krishna.5 
For the purpose of clarity, the origins of the Maxwell-Stefan formulation will be 
presented in binary form, though the multicomponent system will have the same consid-
erations.  The presentation will use mole fractions as opposed to the weight fraction 
notation of Eqs. 6.1 and 6.2, as its development is dependent on these quantities.  Also, 
the “A, B” notation for various components will be replaced with “1, 2” notation as it 
lends itself better to index notation. 
The Maxwell-Stefan formulation considers diffusion as a force balance.  To affect 
motion of the molecules of one species relative to another, a force must be exerted on the 
components.  In opposition to this force are the collisions with other molecules in the 
mixture, exerted as a drag force.  This concept is shown graphically in Figure 6.1 for a 
binary system consisting of components 1 and 2.  The frictional drag between compo-
nents balances the force exerted on each.  In the case of one dimensional diffusion (as 
assumed for membranes), the force acting on species i of the mixture is a chemical 











Figure 6.1: Maxwell-Stefan view of diffusion as relative motion of components 
1 and 2 caused by the exertion of a force on the two molecules.  This 
force is balanced by frictional drag between the two components. 
 
In the force balance for component 1, the rate at which collisions occur with com-
ponent 2 is proportional to the concentration of component 2, expressed as its mole 
fraction, x2.  The drag force in opposition to the chemical potential gradient is expressed 
as the momentum transfer from a collision between species 1 and 2.  This momentum 
transfer is a function of the velocity of species 1, u1, relative to component 2, u2.  The 











with the applied force (left hand side of Eq. 6.3) equal to the fractional drag force (right 
hand side).  The chemical potential gradient of Eq. 6.3 is negative for transport in the 
positive z direction to occur with a negative gradient.  The remaining factor in Eq. 6.3 
that has not been discussed is the term RT/D12, which has the meaning of a friction factor 
for the drag exerted in a collision between components 1 and 2.  With this interpretation, 
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the Maxwell-Stefan diffusivity, D12, has the physical significance of being an inverse 
drag coefficient and has units of (length)2/time, just as Fickian diffusion coefficients. 
Multiplying both sides of Eq. 6.3 by -1/RT, gives the generally presented form of 



























µ  (6.5) 
Flux values for the diffusing components can be obtained by multiplying both sides of 
Eq. 6.5 by xi and substituting the definition for flux relative to a fixed coordinate system 
(Eq. 6.6, with ctot as the total molar concentration of the mixture) to give Eq. 6.7. 













x µ  (6.7) 
The solutions to the generalized equation of Eq. 6.7 have been successfully ap-
plied to multicomponent diffusion in various media including gases, nonideal liquids, and 
microporous media.7  Values for ijD  in these equations have been estimated from the 
same relationships as the Fickian D, such as the kinetic theory for gases and the Wilke-
Chang Equation for liquids (usually in combination with a relationship for concentration 
dependence such as the one proposed by Vignes8), thus illustrating the similar origins of 




6.3 Maxwell-Stefan Relationship for Membrane Separations 
Now the Maxwell-Stefan relationship will be applied to diffusion in nonporous 
membranes.  Several applications of the Maxwell-Stefan equations have been made to 
model pervaporation in polymer membranes9-12 as well as a fairly complex model com-
bining viscous, electrostatic, and diffusional forces for nanofiltration.13  Here, the separa-
tion of a liquid feed containing a dilute solute in a solvent swollen membrane (i.e. reverse 
osmosis) will be modeled.  The initial development (up to Eq. 6.10) of the application to 
diffusion in polymers follows the treatment of Heintz and Stephan.9 
When considering the diffusion in nonporous polymers, it can be argued that the 
use of mole fractions in the Maxwell-Stefan equations is not appropriate.  In the devel-
opment of the general model of Eq. 6.3, the number of collisions with a molecule of 
species i was assumed to be proportional to the mole fraction of that species.  In the case 
of macromolecular species like polymers, it is expected that multiple collisions will occur 
on the same molecule.  A more realistic measure of the polymer contribution to the total 
friction force on a component is its volume fraction, iφ , and this value will be substituted 
for mole fraction in the transport equations here.  A parallel to this use of volume frac-
tions can be drawn from the well-known thermodynamic treatment of polymer solutions 
by Flory,14 where volume fractions are used in a lattice model to account for the macro-
molecular nature of a polymer. 
As described in Appendix A.2.1, pressure is constant throughout the membrane in 
nonporous membranes.  This yields Eq. 6.8 as the expression for the chemical potential 
gradient in the membrane: 
ii aRTdd ln=µ  (6.8) 
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where  is the thermodynamic activity.  Substituting Eq. 6.8 into Eq. 6.3 and replacing 
the mole fractions with volume fractions gives Heintz and Stephan’s modified Stefan-
























ln~ =  (6.10) 
where ijD
~  are diffusion coefficients that are dependent on composition as well as the 
nonideality of the mixture component interactions, represented by . ia
In the development of the flux equations for the hydraulic permeation of organic 
solvents through swollen rubbers, Paul and Ebra-Lima2 assumed that there was no 
volume change on mixing in the sorbed polymer.  The model developed provided an 
accurate description of the transport phenomena they were observing in these systems.  
Since the behavior of the materials under investigation in this study closely resemble 
those that were modeled in the Paul and Ebra-Lima work (in terms of solvent solubility 
and diffusivity) the same assumption of no volume change on mixing will be applied 
here.  This leads to the introduction of a volumetric flux, , which has units of (volume/ 
area-time) and is defined in a stationary frame of reference as: 
in̂
iii un φ=ˆ  (6.11) 
which is analogous to Eq. 6.6.  Inserting Eq. 6.11 into Eq. 6.9 and keeping in mind that 




















6.3.1 Flux Equation for Single Component Transport 
For consistency, the rest of the document will use the indices listed in Table 6.1 to 
designate the same components in each of the transport evaluations presented. 
Application of Eq. 6.12 to single component transport in a membrane (a binary 
system: solvent and membrane) gives a differential equation of the same form as that 
used by Paul and Ebra-Lima2 (Eq. 6.13).  Since we are using the stationary frame of 
reference, the membrane flux is equal to zero, 0ˆ =Mn . This condition can be imposed in 
any membrane process, regardless of the number of components.  Another simplification 
in the solution of Eq. 6.12 is that it is only necessary to specify (n-1) equations for an “n” 
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Eq. 6.13 can be integrated using the boundary conditions that are assumed in Ap-
pendix A.2.1 for the hydraulic permeation.  That is, we know the solvent volume fraction 
at the feed of the membrane, )( 1010 af=φ , from the equilibrium relationship (in our case 
Flory-Rehner).  The permeate volume fraction, l1φ , can be determined from the influence 
of pressure on liquid membrane processes given by Eq. A.7, combined with the equilib-
rium relationship.  After manipulation to account for the thickness as function of the 
gradient in sorption, this gives essentially the same equation (Eq. 6.14) as Eq. A.16, with 
MD1
















=  (6.14) 
The driving force for diffusion in Eq. 6.14 is simply the difference in volume frac-
tion of component 1 across the membrane, as the volume fraction on the feed side is 
constant due to constant feed fluid activity.  A plot of the flux versus driving force for the 
hydraulic permeation of toluene in an annealed Matrimid film is shown in Figure 6.2.  
Analysis indicates that it reasonable to replace iMD
~  with experimentally measured 
diffusion coefficients, which do not show concentration dependence for the range of 
pressures studied.  The data in Figure 6.2 are well fit by a linear equation with a constant 
MD1
~  of 1.8 x 10-6 cm2/s.  From the form of Eq. 6.14, any concentration dependence of 
MD1
~  would be indicated by nonlinearity in this plot.  Due to this absence of concentration 
dependence, MD1
~  is constant and equivalent to the diffusivities determined in the toluene 
transport studies of Chapter 5.  It appears that the low driving forces of the hydraulic 
permeation studies are partly responsible for the absence of concentration dependence.  
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In some situations, this generalization can be extended beyond the specific toluene 
diffusion measurements presented in this work.  Paul2,15 has shown that a wide variety of 
solvents exhibit linear behavior in rubbery membranes when analyzed using Eq. 6.14. 



































Figure 6.2: Flux-driving force relationship for toluene permeation in an an-
nealed Matrimid film. The linear increase of flux with driving force 
indicates a constant MD1
~  over this concentration range according to 
Eq. 6.4.  The volume fraction difference data points correspond to 
pressure driving forces = 25, 50, 75, 100 psi from left to right. 
 
Because of the dilute nature of the solute in the rejection studies of this work, it is 
assumed that there is no change in solvent diffusivity when going from single component 
permeation to the binary feed mixtures.  This assumption can be applied to similar 
applications such as reverse osmosis with limited solute concentrations.  Similarly, 
diffusion coefficients determined from solute dialysis in Section 5.4.2 are assumed to be 
representative of those occurring in the rejection studies since the toluene concentrations 




~  is shown symbolically in the proceeding sections as iMD  to repre-
sent constant diffusivities that are independent of concentration. 
 
6.3.2 Flux Equations for Binary Mixture Transport 
As previously stated, we need (n-1) of Eqs. 6.12 for an “n” component system and 
although the selection is arbitrary, choosing the membrane as one of the components 
allows for some mathematical simplifications.  Because 0ˆ =Mn , this simplifies the 
differential equations to a point where an analytical solution can be found.  Selecting the 


























21122 ˆˆˆ φφφφ −−=  (6.16) 
12D , the diffusivity or inverse friction factor between the solvent and the solute in 
the membrane phase is the only parameter that cannot be measured from single compo-
nent permeability experiments.  12D  has been previously described as a coupling parame-
ter between the permeating components.9,11  Its significance will be examined here by 
applying the solution of the transport models to our experimentally measured results. 
Eqs. 6.15 and 6.16 can be solved for the experimental data.  Since the driving 
force, feed composition, and rejection have been determined, the transport equations can 




First we need to get Eqs. 6.15 and 6.16 into a tractable form.  This can be done by 
specifying the boundary conditions: 
0)0( ii z φφ ==  
ili lz φφ == )(  
Once Eq. 6.15 is solved for Mφ  using these conditions (Eq. 6.17), it can be inserted into 





iφ 1φ .  The solution to 
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Although the math seems a bit messy, it is not as bad as it looks.  The same vari-
ables remain; they just occur with some more frequency than in the differential equations. 
As in the binary case, we can obtain the membrane volume fractions of each 
component at the membrane boundaries from the equilibrium relationships between the 
membrane and fluid phases.  The feed composition is specified, so that leaves us with 
five unknowns:  the volume fractions on the permeate side of the membrane ( l1φ  and 
l2φ ), the solvent and solute fluxes (  and ), and 1n̂ 2n̂ 12D .  Further relationships to describe 
the permeation process must be provided for solution. 
 
151
In the homogeneous catalyst recovery studied here and many reverse osmosis ap-
plications, there no sweep of the permeate, which means that the permeate composition 
















=φ  (6.20) 
The values in Eqs. 6.19 and 6.20 are the permeate liquid phase rather than the 
membrane phase compositions at the permeate side in Eqs. 6.17 and 6.18.  If the solubil-
ity relationship used to determine ilφ  requires a quantity other than volume fractions (e.g. 
activity in the Flory-Rehner equation), appropriate conversions must be made using the 
partial molar volumes or densities of the components in the fluid phase. 
The final value to reduce the only unknown to 12D  is the experimentally meas-
ured rejection or selectivity.  Similar approaches can be used to determine values other 
than 12D .  For example, if the 12D  is specified, membrane selectivities and rejections can 
be determined for various operating conditions.  This has been done in Sections 6.4.2 and 
6.4.3 to determine the membrane performance as a function of material properties.  
 
6.4 Application of the Transport Model 
Before using the transport model to evaluate the effect of different material prop-
erties on the separations that can be achieved, data from triphenylphosphine rejection 
experiments will be evaluated to determine the applicability of the model.  Also, repre-
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sentative values of 12D  can be obtained from this exercise for the subsequent analysis of 
material property effects on separation performance. 
 
6.4.1 Model Description of Experimental Triphenylphosphine Rejection 
The equations of Section 6.3.2 and the approach for determination of 12D  have 
been applied to the triphenylphosphine rejections found in Matrimid and blends with 
Oligomer 1.  In this analysis, data for the individual iMD ’s are taken from the toluene 
permeability and triphenylphosphine dialysis tests and applied to the results measured in 
a rejection study of a binary mixture of toluene and triphenylphosphine.  All experimental 
data are taken from Chapter 4 (solubility relationships) and Chapter 5 (diffusion coeffi-
cients) for these materials.  A nice feature of these values is that they should behave very 
similarly in the multicomponent analysis.  The component concentrations in the rejection 
measurements are nearly equal to those in the toluene and triphenylphosphine permeabil-
ity measurements, which limits any changes of the parameters resulting from concentra-
tion dependence 
Calculation of the transport equations was performed using MATLAB (The 
MathWorks, Inc.) programming.  An initial calculation of two component fluxes for a 
guess of 12D  was performed by simultaneously solving Eqs. 6.17 and 6.18 giving a 
rejection.  Following that step, a nonlinear least-squares fit was performed to give the 12D  
value that best represented the data. 
In order to obtain an accurate fit using 6.17 and 6.18, permeation characteristics 
were measured for a range of driving forces.  Therefore, triphenylphosphine rejection was 
measured as a function of pressure and is shown in Figure 6.3.  The fit for the modified 
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Maxwell-Stefan equations shown by the lines is quite good.  Additionally, the model 
prediction for toluene flux accurately represented experimental measurements.  To 
reiterate, the only adjustable parameter was 12D , the sorption and diffusion values were 
taken from experimental results.  Input values for the transport model are shown in Table 
6.2, with toluene sorption in the materials taken from Chapter 4 (Table 4.3). 
The values determined for the coupling parameter, 12D , from the Maxwell-Stefan 
transport modeling of triphenylphosphine rejection in the various materials are shown in 
Table 6.3.  They are roughly on the same order of magnitude (or lower in the case of 
annealed Matrimid) as the diffusion coefficient for the slowest diffusing component in 
the feed mixture, triphenylphosphine in this case.  The values of 12D  relative to the iMD  
are consistent with previous analyses of membrane transport using the Maxwell-Stefan 
transport model.9-12,16  If the 12D  values are viewed as the inverse friction factor of the 
Maxwell-Stefan model development (Section 6.2), then decreasing values of 12D  indicate 
increasing friction and interaction between the solvent and solute in the membrane phase.  
The values in Table 6.3 then indicate that the interaction between the solvent and solute 
in the annealed Matrimid is much greater than in the blends and consequently the cou-
pling between the triphenylphosphine and toluene fluxes is stronger in this material.  The 
higher toluene sorption in the annealed Matrimid relative to the blends (Chapter 4) may 
explain the stronger coupling exhibited in this material.  Increased concentration of the 
solvent in the membrane leads to more frequent and possibly more pronounced interac-



















Figure 6.3: Rejection of triphenylphosphine in solution with toluene in annealed 
Matrimid (▲), 5% Blend (●) and 10% Blend (■) as a function of 
pressure.  Lines are the best fit for the modified Maxwell-Stefan 
transport equations with 12D  as the adjustable parameter.  Error bars 




Table 6.2: Experimentally measured values for toluene (1) and triphenyl-








Annealed Matrimid 0.39 1.8 x 10-6 13 x 10-9 
5% Blend 0.74 1.2 x 10-6 8.5 x 10-9 




Table 6.3: 12D  values determined from least-squares fit of Eqs. 6.17 and 6.18 




Annealed Matrimid 2.1 x 10-9 
5% Blend 10 x 10-9 
10% Blend 12 x 10-9 
 
Interpretation of 12D  as simply the triphenylphosphine diffusion coefficient in 
toluene does not describe the values observed here and in other membrane studies.  One 
of the best known methods to predict solute diffusivities in solvents, the Wilke-Chang 
equation,17 predicts a diffusion coefficient of 1.6 x 10-5 cm2/s for triphenylphosphine in 
toluene, which is clearly not the value for 12D  here.  An approach to determining the 
interactions between diffusing components in zeolites via the Maxwell-Stefan model 
gives some indication of the order of magnitude of the 12D  in dense media.  In the model 
developed by Krishna,18 the interaction between diffusing components is related to the 
ability of species i to displace species j within the zeolite, with i and j representing the 
mobile species.  The limiting case for this model is that this diffusivity is dictated by the 
slower moving component, i.e.: 
ijjijD νννλ <∝ ,
2  (6.21) 
where λ is the displacement or jump length within the material and νj is the jump fre-
quency.  This model provides some explanation as to why the 12D  is of the same order of 
magnitude as the triphenylphosphine diffusivity in the polymers.  However, there cur-
rently does not seem to be a means of obtaining an a priori prediction of 12D  from 
physical property and transport data in membrane separations for a given system. 
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6.4.2 Modeling of a Membrane with Inert Filler 
Throughout the development of the dissertation, it has been observed that the 10% 
Oligomer 1 blend with Matrimid exhibits some characteristics of a polymeric material 
combined with an inert filler (with “inert” defined as being both impermeable and non-
sorbing).  Due to the superior catalyst rejection characteristics of the 10% blend, it is of 
interest to determine if the addition of filler to a membrane material can enhance its 
separation characteristics in homogeneous catalyst recovery.  To do so, the transport 
equations developed thus far have been applied to model triphenylphosphine rejection in 
a composite of annealed Matrimid containing filler.  Since the 10% blend may resemble 
this type of morphology, the model value for the concentration of filler in the composite 
is the same as the dispersed phase concentration in the 10% blend ( %4.8=Iφ , Section 
3.4.4) for comparative purposes. 
The transport properties of the model composite can be estimated from those of 
the host polymer.  If the filler is assumed to be randomly distributed and spherical, the 
change in diffusion coefficient for the composite material relative to the host polymer can 

















φ  (5.4) 
From Eq. 5.4 the effective membrane diffusivities, )(effiMD , for the mobile species in the 
composite material can be estimated from the iMD  in the neat membrane material and the 
volume fraction of inert filler, Iφ .  The solvent and solute sorption in the membrane are 
also reduced in proportion to the fraction of filler present.  These relationships have been 
 
157
used to estimate the composite properties for %4.8=Iφ , giving all the parameters 
necessary for model solution except for 12D . 
As discussed in Section 6.4.1, the variance in the 12D  model parameter with 
changing material properties in not well understood.  From the values of 12D  determined 
in Section 6.4.1 for the various materials, it does not appear that 12D  for the polymer 
composite with inert filler will vary following the prediction method of Eq. 5.4.  If the 
coupling of solute and solvent fluxes does indeed decrease with solvent concentration in 
the membrane, the 12D  in the composite should be increasing rather than decreasing 
because of the reduction of solvent content.  However, assigning a specific relationship to 
determine 12D   is too much conjecture at this point due to the limited information on its 
behavior.  Therefore, two cases of 12D  will be used in the model:  1) 12D  of the compos-
ite is the same as the host polymer, annealed Matrimid, (2.1 x 10-9 cm2/s) and 2) 12D  of 
the composite is the same as the 10% blend (12 x 10-9 cm2/s).  Based on the observations 
thus far, these are assumed to be the worst and best case scenarios, respectively. 
Model results are shown in Figure 6.4.  Both 12D  values predict higher rejections 
for the composite than the annealed Matrimid, suggesting membrane improvement 
through the addition of filler.  The predicted influence of solute sorption on rejection is 
strong and it is the dominant factor increasing separation performance in this case.  The 
solute rejection of the composite predicted by the higher 12D  exceeds the experimental 
performance of the 10% Blend.  It is evident from the properties in Table 6.2 and obser-
vations of Chapter 5 that the 10% Blend does not follow the trends predicted by the 
idealized filled polymer model in all aspects, particularly solute solubility (increases 
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rather than decreases in blend).  The cause for this, as postulated in Chapter 5, the con-
tinuous phase of the 10% blend contains a small concentration of crosslinking agent that 
influences the blend properties.  The predicted influence of these properties on separation 
performance appears to be fairly strong. 
 


















Composite, D12 = 2.1 x 10
-9
Composite, D12 = 1.2 x 10
-8
 
Figure 6.4: Predicted triphenylphosphine rejection for a composite membrane of 
annealed Matrimid blended with 8.4% filler (─) relative to annealed 
Matrimid and 10% Oligomer 1 Blend (--). 
 
6.4.3 Generalized Model of Homogeneous Catalyst Recovery 
It has observed experimentally and through modeling that membrane properties 
such as solute sorption, solvent sorption, and the relative diffusivities of the solvent and 
solute affect the separation performance in varying degrees.  Some knowledge of the 
influence of these properties would aid in the membrane material design for homogene-
ous catalyst recovery and similar membrane separations.  Therefore, a brief overview of 
the transport predicted by the modified Maxwell-Stefan approach for material properties 
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beyond the range exhibited by the Matrimid and blended polymers in this research has 
been performed. 
These models are based on the same basic process as the above analysis:  recov-
ery of a dilute solute from a binary feed mixture through reverse osmosis.  The general-
ized system used for this analysis varies the solvent sorption, diffusivity selectivity, and 
solubility selectivity of the membrane material and quantifies their effects on separation 
performance with the solute rejection.  Solubility and diffusivity selectivity are defined in 
terms of the solvent and shown in Eqs. 6.22 and 6.23.  Though the varied properties are 
not independent (e.g. diffusion in the polymer will be affected by reduced solvent sorp-
tion and swelling), correlations relating the properties have been omitted in lieu of a 

















α =  (6.23) 
The range of physical and transport properties is based on the triphenylphosphine 
rejection in toluene to provide a realistic basis.  The general assumptions in the develop-
ment of the model and its fitting to experimental data are the same.  From the observa-
tions in the triphenylphosphine rejections and those of other membrane studies using the 
Maxwell-Stefan approach,9-12,16 it has been assumed that MDD 212 = .  Using this assump-
tion it was determined through model calculations that the rejection is influenced by the 
relative diffusivities and not the absolute values of the diffusivities.  Therefore, the 
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toluene diffusion, MD1 , was maintained at a constant value of 1 x 10
-6 cm2/s and MD2  
was varied to obtain the different diffusivity selectivities.  The applied pressure drop for 




























Figure 6.5: Model results showing the effect of diffusivity selectivity (αD) and 
solvent content on solute rejection and solvent flux for a solubility 
selectivity of αS = 1. 
 
Figure 6.5 shows the predicted effects of varying membrane diffusivity selectivity 
and solvent sorption on the separation with a fixed solubility selectivity of one.  A 
solubility selectivity of one is representative of the triphenylphosphine rejection and the 
probability is high that similar applications have negligible solubility selectivity because 
of chemical similarity between the solvent and solute.  The general trend is that rejection 
is increased with decreasing solvent sorption by the membrane material.  Solvent flux 
through the membrane increases exponentially with solvent concentration.  This behavior 
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resembles the tradeoff observed in reverse osmosis when using membranes with lower 
flux to achieve higher rejection.  It also follows the experimental observation in this 
research of increased catalyst rejection in the blend materials with lower toluene sorption.  
In terms of the transport model, higher rejections are occurring due to the reduced 
probability in interaction between solvent and solute due to lower solvent concentration 
in the membrane.  As solvent concentration increases, a point is reached where diffusivity 
selectivity has minimal or no effect on the rejection achieved, with the rejections for the 
various Dα ’s approximately equal as the volume fraction of solvent approaches 0.30 in 
Figure 6.5. 
A recurring theme of the discussions on coupling has been that the solute sorption 
in the membrane has a profound effect on its membrane flux because sorption controls 
the quantity that can be dragged through the membrane by the solvent.  The influence of 
solute sorption, shown as solubility selectivity, relative to diffusivity selectivity is de-
picted in Figure 6.6.  It is evident from this graph that the solute sorption has a much 
stronger influence on rejection than diffusivity selectivity for a coupled system.  This 
indicates that the material design for a separation such as homogeneous catalyst recovery 
should consider a membrane that preferentially sorbs the solvent.  This presents a chal-
lenging membrane design problem for two reasons.  First, in polymeric membrane 
separations, it is generally much easier to achieve large differences in component diffu-
sion as opposed to sorption.  Secondly, a solvent and solute generally have favorable 
thermodynamic interactions and little opportunity exists for exploiting solubility differ-










Figure 6.6: Model prediction of the relative change in rejection (R/R0) as a func-
tion of the relative changes in membrane diffusivity selectivity 




Starting from the Maxwell-Stefan equation, modifications appropriate to diffusion 
in polymers have yielded equations for modeling the transport of multicomponent 
mixtures in membranes.  These equations are a useful tool in the analysis of membrane 
systems with coupling effects. 
Application of the model to experimental data for triphenylphosphine rejection 
using component diffusivities and solubilities provides a good description of the observed 
phenomena.  The extracted parameters show that coupling is the strongest in the annealed 
Matrimid.  The higher toluene sorption in the annealed Matrimid relative to the 
crosslinked blends is causing increased interaction between it and the solute.  As a 
consequence, the flux of solvent is dragging more solute through the membrane and 
reducing the solute rejection in this material. 
The accurate representation of the experimental data encourages the extension of 
the model to hypothetical membrane properties for the purpose of gaining an understand-
ing of their influence on coupled separations.  In this manner, the solute recovery of a 
membrane filled with an inert secondary phase has been investigated.  Model results 
suggest that the incorporation of an impermeable, non-sorbing filler can enhance solute 
rejection due to the reduced solute sorption.  The combination of this performance 
enhancement with reduced solvent sorption in the phase-separated 10% Oligomer 1 blend 
is attributed to its superior rhodium-triphenylphosphine catalyst recovery.  However, as 
previously detailed, the chemical compatibility and nano-scale of the phase-separated 
domains strengthen the interface with the host Matrimid.  More detailed experimental 
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studies are required to determine the benefits of fillers in membrane materials for separa-
tions of this type. 
There are many challenges in the material selection of polymers for solute recov-
ery from an organic solvent.  Generalized modeling of coupled systems shows that 
sorption of both the solvent and solute are critical to achieving good rejections.  Increased 
solvent sorption can limit the impact of high diffusivity selectivities gained through large 
solute size due to the coupled fluxes.  However, there is a compromise in flux when 
reducing solvent sorption to gain higher rejection.  In terms of the solute, reduction in its 
sorption relative to the solvent is desirable.  Both of these factors should be considered in 
membrane material development for solute recovery applications.  Although the equation 
development and model results reported here use homogeneous catalyst recovery as their 
basis, they can be applied to similar applications involving swollen media including 




1. Bird, R. B., W. E. Stewart and E. N. Lightfoot, Transport Phenomena, John 
Wiley & Sons: New York (1960). 
2. Paul, D. R. and O. M. Ebra-Lima, "Pressure-Induced Diffusion of Organic 
Liquids Through Highly Swollen Polymer Membranes," J. Appl. Polym. Sci., 14, 
2201 (1970). 
3. Bhanushali, D., S. Kloos and D. Bhattacharyya, "Solute transport in solvent-
resistant nanofiltration membranes for non-aqueous systems: experimental results 
and the role of solute-solvent coupling," J. Memb. Sci., 208, 343 (2002). 
4. Kamaruddin, H. D. and W. J. Koros, "Some observations about the application of 
Fick's first law for membrane separation of multicomponent mixtures," J. Memb. 
Sci., 135, 147 (1997). 
 
165
5. Taylor, R. and R. Krishna, Multicomponent Mass Transfer, John Wiley & Sons: 
New York (1993). 
6. Cussler, E. L., Multicomponent Diffusion, Elsevier: Amsterdam (1976). 
7. Krishna, R. and J. A. Wesselingh, "The Maxwell-Stefan Approach to Mass 
Transfer," Chem. Eng. Sci., 52, 861 (1997). 
8. Vignes, A., "Diffusion in Binary Solutions," Ind. Eng. Chem. Fundam., 5, 189 
(1966). 
9. Heintz, A. and W. Stephan, "A Generalized Solution Diffusion-Model of the 
Pervaporation Process through Composite Membranes .2. Concentration Polariza-
tion, Coupled Diffusion and the Influence of the Porous Support Layer," J. Memb. 
Sci., 89, 153 (1994). 
10. Ni, X., X. Sun, D. Ceng and F. Hua, "Coupled diffusion of water and ethanol in a 
polyimide membrane," Polym. Eng. & Sci., 41, 1440 (2001). 
11. Izak, P., L. Bartovska, K. Friess, M. Sipek and P. Uchytil, "Comparison of 
various models for transport of binary mixtures through dense polymer mem-
brane," Polymer, 44, 2679 (2003). 
12. Izak, P., L. Bartovska, K. Friess, M. Sipek and P. Uchytil, "Description of binary 
liquid mixtures transport through non-porous membrane by modified Maxwell-
Stefan equations," J. Memb. Sci., 214, 293 (2003). 
13. Straatsma, J., G. Bargeman, H. C. van der Horst and J. A. Wesselingh, "Can 
nanofiltration be fully predicted by a model?," J. Memb. Sci., 198, 273 (2002). 
14. Flory, P. J., Principles of polymer chemistry, Cornell University Press: Ithaca 
(1953). 
15. Paul, D. R. and D. H. Carranza, "Pressure-Induced Diffusion in Swollen Butyl 
Rubber Membranes," J. Polym. Sci., 41, 69 (1973). 
16. Ghoreyshi, S. A. A., F. A. Farhadpour and M. Soltanieh, "Multicomponent 
transport across nonporous polymeric membranes," Desalination, 144, 93 (2002). 
17. Wilke, C. R. and P. Chang, "Correlation of diffusion coefficients in dilute solu-
tions," AIChE J., 1, 264 (1955). 
18. Krishna, R., "A unified approach to the modeling of intraparticle diffusion in 





CONCLUSIONS AND RECOMMENDATIONS 
 
7.1 Conclusions 
There are opportunities in the chemical process industry for the implementation of 
membranes as the unit operation for catalyst recovery in organic synthesis.  This research 
has been performed to assess the feasibility of this type of membrane separation as well 
identify the challenges that such a process poses relating to membrane material selection 
and design.  The material design basis was to form blends of Matrimid with a diacety-
lene-functionalized crosslinking agent for the purpose of achieving polymer stability and 
membrane selectivity.  Therefore, the thrust of the work follows parallel paths of charac-
terization of the influence of the crosslinking agent and determination of the material 
properties influencing homogeneous catalyst recovery.  The conclusions drawn from the 
research findings will consequently follow this dual perspective. 
Blending of Matrimid with the diacetylene-functionalized crosslinking agent and 
subsequent solid-state crosslinking yields materials with interesting and enhanced proper-
ties.  The crosslinking agent and Matrimid, which contain matched imide functionalities 
in their backbones, form compatible blends up to 10 wt% crosslinking agent.  Blends of 5 
wt% crosslinking agent and 10 wt % exhibit two different blend morphologies.  The 5% 
Blend appears to form a semi-interpenetrating network (s-IPN) with the crosslinking 
agent forming a network surrounding the host Matrimid.  Blends containing 10% 
crosslinking agent exhibit a phase-separated morphology with domains of crosslinking 
agent dispersed in a continuous phase that is likely an s-IPN. 
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The crosslinking agents contain two functionalities that form distributed networks 
upon thermal activation.  Internal diacetylenes react via 1,4-addition to form conjugated 
crosslinks.  Terminal acetylene groups on the oligomeric crosslinking agent form benze-
noid structures.  Thermal treatment at 250 °C for 24 hours is sufficient for the activation 
of both reactive groups.  Reactivity of the crosslinking agent increases as the number of 
repeat units is reduced due to a higher concentration of reactive functionalities on a mass 
basis. 
Blending crosslinking agent with Matrimid is a good means of enhancing the ma-
terial stability as demonstrated by reduction in toluene sorption.  Heat treatment of 
Matrimid alone can also impart increased solvent resistance.  The average reduction in 
Matrimid’s sorption of toluene through annealing is 22% with the crosslinking agents 
adding another 7% reduction beyond that.  In the blends, formation of an s-IPN and low 
sorption in the crosslinked domains contribute to stability.  The ordered crosslinking of 
the diacetylene in the solid-state prevents significant losses in flux and thus allows the 
blends to be productive membranes for applications such as the homogeneous catalyst 
recovery. 
These materials have proved to be capable of permeating solvent at high fluxes 
while restricting the permeation of the rhodium-triphenylphosphine catalyst ligand 
complex used in commercial hydroformylation reactions.  Solvent sorption is sufficiently 
high to cause a transition in the polymers from a glassy to rubbery state as indicated from 
the sorption studies and toluene fluxes through the materials.  This contributes signifi-
cantly to the productivity of the membrane materials.  Despite the high flux of solvent, 
large differences in the toluene and catalyst permeabilities were observed.  Matrimid 
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blended with 10% crosslinking agent gives 91% rejection of the catalyst.  Rejection 
efficiencies were: 10% Blend > 5% Blend > Matrimid.  Similar trends would be expected 
for the rejection of a large solute from a small and highly sorbing solvent. 
In the investigation of separation characteristics of homogeneous catalyst recov-
ery, it was found that flux coupling significantly affects the solute rejections that can be 
achieved by the membrane.  The coupling of fluxes becomes pronounced when sorption 
occurs to an extent where interactions between permeating components influences the 
fluxes and consequently the separations that can be achieved.  For homogeneous catalyst 
recovery, this translates into increased catalyst flux due to the faster permeating species 
dragging the catalyst through the membrane.  The mobility selectivity gained by the 
larger catalyst is diminished by this effect. 
An analysis of the membrane transport observed in this work was performed us-
ing modified Maxwell-Stefan equations.  Following the solution-diffusion model for 
transport in membranes, the equations were modified into a tractable form that described 
coupled transport well.  Analysis of the rejection characteristics for the separation in this 
research shows that coupling is greatest in neat Matrimid, which has the highest sorption 
of toluene.  Extension of the model to a generalized case of solute transport shows that 
sorption of both the solute and solvent are key factors that influence coupling and conse-
quently the level of solute rejection that can be achieved by the membrane.  Reduction in 
the solvent content of the membrane will increase the rejection for applications of this 
type, but this will be at the cost of flux through the membrane.  Reduction in the mem-
brane sorption of the solute can also aid in achieving high rejections.  Based on these 
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model observations, emphasis should be placed on the solute partitioning between the 
liquid and membrane phases in future studies of membranes for catalyst recovery. 
An interesting finding of this work was that a highly permeable polymer com-
bined with impermeable nanoparticles – the morphology of the 10% Blend – showed 
improved separation characteristics relative to the host polymer alone.  Although some 
characterizations of the materials indicate that there is a modification of the continuous 
phase due to the presence of the crosslinking agent, experimental observations and 
modeling suggest that this may be a method of enhancing the rejection characteristics of a 
high permeability material with coupled flux.  It should be noted that strong adhesion of 
the phases and small size of the secondary phases are almost certainly aiding in the 
reduction of nonselective gaps at the phase interface.  Consideration of these factors 
should be employed in any future work to modify membranes by this method. 
The high rejection of the catalyst by the 10% Blend (91%) combined with high 
flux show the feasibility of membrane recovery of a homogeneous catalyst.  It is likely 
that membranes with fluxes comparable to those measured here will be required for this 
application due to the large amounts of feed that must permeate the membrane.  Though 
the materials here show acceptable performance characteristics, opportunities exist for 
further optimization.  Factors such as the increased sorption of catalyst in the materials 
resulting from the crosslinking agent chemistry can be addressed through material 
modification (e.g. different crosslinking methods).  The work of this dissertation provides 
a template for understanding the influence of the subsequent modifications and processes 
on the quality of separation, which can promote the expansion of membranes into a 




7.2 Recommendations for Future Work 
The approach of blending a high-performance polymer with a crosslinking agent 
was taken as a means to optimize performance and cost.  However, the miscibility (or 
“compatibility”) of polymer and crosslinking agent is a limiting factor, and in our case a 
fairly severe one.  Improvement in catalyst recovery (and similar applications relying on 
mobility selectivity) could be achieved in similar materials with a greater extent of 
crosslinking.  A homopolymer with crosslinkable groups on the polymer backbone can 
alleviate the miscibility issues associated with blending while providing a more distrib-
uted network.  The flux rates through the polyimide materials examined in this study are 
quite high and some compromise in these fluxes due to increased crosslinking could be 
withstood for the sake of increasing rejection; the compromise in flux is further mitigated 
when reducing membrane thickness as done in commercial applications.  Polyimides 
investigated for pervaporation of organic solvents such as those by Xu et al.,1 Ren et al.,2 
and Okamoto et al.3 possess flux rates comparable to the materials investigated here as 
well as crosslinkable functionalities in the polymer backbone.  Rather than through 
blending, the extent of crosslinking in these materials can be tailored synthetically (by 
concentration of crosslinkable groups in the polymer backbone) or through controlled 
reaction of the crosslinking groups.  Investigation of materials such as this or high 
molecular weight polyimides with diacetylene functionalities for homogeneous catalyst 
recovery correlating separation selectivity to extent of crosslinking would be interesting. 
The interaction of the reaction solvent with the membrane and solute plays a criti-
cal role in the separation characteristics.  It is to be expected that a change in solvent for a 
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reaction would affect catalyst rejection.  A study of the solvent effects on the separation 
following the permeation measurement techniques used here could provide a means to 
optimize not only the membrane material, but also the solvent medium.  For example, a 
lower sorbing solvent may reduce the flux coupling and provide higher rejections, 
mimicking the effects that could be achieved through increased crosslinking.  Again, the 
polyimides of this study or those cited above would be a good starting material for such a 
study due to their resistance to many reaction solvents. 
A better understanding of flux coupling and its effects on membrane separations 
would lead to more informed decisions in material selection.  A fundamental transport 
study of solvents and solutes of varying properties combined with a Maxwell-Stefan 
analysis would provide more detail on the interactions between mobile species in the 
membrane.  The techniques demonstrated in this research can be used to determine 
rejection as a function of the component solubility and diffusivity.  Although the experi-
mental limitation of indeterminate values of the coupling parameter ( 12D ) in this analysis 
still exists, the measurement for an array of conditions would be insightful.  For example, 
the concentration dependence of coupling may be demonstrated in solvents of varying 
degrees of sorption in a membrane material.  For the purposes of such a study, an analyti-
cally simpler system than the one examined in this research is proposed.  A good mem-
brane material to study would be polydimethylsiloxane (PDMS) because it has high 
fluxes for a number of low molecular weight solvents4-7 that can be easily measured using 
the methods outlined in the dissertation.  For solutes, an array of dyes (e.g. Sudan IV and 
Fast Green FCF) and triglycerides of varying molecular weight and chemical nature have 
been shown to be soluble and detectable using UV-VIS spectrophotometry by Bhanushali 
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et al.8  Solvents such as methanol, ethanol, hexane, and toluene can dissolve these solutes 
and provide an array of interactions with the membrane and solute from which coupling 
can be observed.8 
Another area that appears to warrant some further investigation is the influence of 
filler on reverse osmosis separations with high degrees of solvent sorption.  As indicated 
by the separation characteristics of the 10% Blend, this type of membrane may be able to 
enhance solute rejection due to reduced sorption.  The polymer-filler interface and size of 
the filler need to be considered in this assessment.  Nanoparticles of fumed silica, used as 
membrane filler by Merkel et al.,9 combined with PDMS may be good basis for this 
investigation.  Solvents and solutes proposed for the flux coupling system above could be 
used to determine rejection characteristics of these filled materials relative to the neat 
polymer. 
Finally, the model hydroformylation chosen for study in this research is but one of 
a host of organic syntheses catalyzed by a soluble transition metal catalyst.  Catalytic 
hydrogenation, Heck coupling, and assymmetric hydroxylation are a few examples of 
commercially relevant reactions employing large catalyst complexes that could be 
recovered using membranes.  Many opportunities exist for the extension of membranes in 
the area of homogeneous catalyst recovery. 
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PERMEATION MEASUREMENT AND CALCULATIONS 
 
The various apparatus in which permeation measurements were performed are 
presented in this appendix.  Methods of calculating the transport properties based on the 
quantities measured will be reviewed.  Example calculations are also presented. 
 
A.1 Experimental Apparatus 
To test the volatile organic compounds involved in this research, a completely en-
closed permeation system was built.  The apparatus is pictured in Figure A.1 and a 
schematic diagram of the components is shown in Figure A.2.  The unit was built to 
accommodate two operating modes, pressure driven liquid permeation and dialysis 
(concentration driven) permeability measurements.  Two 100 cm3 stirred reactor systems 
with integral heating units and temperature control were provided as the liquid reservoir 
for permeation tests.  Each reactor unit was fed to a single membrane test cell by gear 
pumps that were provided for recirculation of the fluid through the reactor / membrane 
system.  The membrane test cell was the Millipore 47 mm diameter filter housing 
(Model. No. XX44 047) modified with an additional port on the outlet to provide a 
crossflow pattern for the feed and permeate sides of the cell.  A Teflon O-ring was to seal 
the feed and permeate sides.  The test cell was wrapped in heating tape connected to a 
temperature control unit for maintaining isothermal conditions (all tests were performed 









Figure A.1: Membrane permeation apparatus.  Diagram of component parts and 
























Item No. Description Mat. Capacity Provider Model 
R-100 / 101 Reactor 316 SS 100 cm3 / 3000 psi Parr Instrument 4565 
P-100 / 101 Pump 316 SS 0 – 300 cm3/min Micropump 185 
DPT-100 
Diff. Press. 
Transducer 316 SS 0 – 300” H2O diff. Omega PX-771A 
TC-100 Temp. Controller - - Barnant 689 




    
TI* Thermocouple  0 – 250 °C    
* Items shown with asterisk on drawing are part of Parr Reactor package 
 
 
Figure A.2: Diagram of membrane test permeation system for dialysis, hydraulic 
permeation, and rejection experiments. 
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contact with the process material were 316 stainless steel or gasket materials rated for 
toluene service. 
 
A.2 Hydraulic Permeation of Toluene 
Hydraulic permeation is the permeation of a single liquid component feed through 
a membrane, driven by an applied pressure difference across the membrane.  The theory 
behind determining the penetrant diffusivity and hydraulic permeability through the 
experiments performed in this work is reviewed.  That will be followed by the experi-
mental procedures that were employed and a sample calculation. 
 




















Figure A.3: Schematic representation of transport of component i in a mem-





In pressure-induced liquid permeation, it is widely accepted that under diffusion-
controlled transport in polymers the membrane is uniformly at the feed pressure, po, and 
diffusion occurs as a result of a concentration gradient in the membrane caused by the 
pressure difference, as depicted in Figure A.3.  The theoretical reasons for this argument 
can be developed from equilibrium thermodynamics.  Starting from the equality of 
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Because of the pressure differences involved in the phase equilibrium, the pres-
sure dependence of the chemical potential is included.  If it is assumed that the partial 
molar volumes of component i in the fluid and membrane phases are equal to the molar 




i VVV == ) then the activity of component i on the feed boundary 
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Evidence of a uniform pressure equal to the feed pressure, p0, across the mem-
brane has been observed experimentally.1,2  In the chemical potential expression for the 
permeate boundary of the membrane, the membrane phase has a pressure equal to p0 
while the liquid phase has a pressure equal to the downstream pressure, pl.  Using the 
same assumptions as the feed activity calculation yields Equations A.6 and A.7 as 

















exp 0  (A.7) 
 
Equation A.7 illustrates that the source of the concentration driving force for dif-
fusion arises from the pressure difference applied to the membrane.  The lower activity 
(due to the lower pressure of the fluid phase) of the permeate boundary of the membrane 
results in a lower concentration of penetrant than the feed side.  Several compelling 
experimental studies have supported this theory as well as demonstrated that the assump-
tions made are valid for a broad range of polymer-penetrant systems.  Examples include 
the observation of an asymptotic approach to a limiting flux with increasing pressure3 
(this due to the fact that ai cannot be less than zero), a decrease in the downstream 
penetrant concentration instead of an increase in the upstream concentration when 
examining the cross-section of a membrane after exposure to an applied pressure,4 and 
the previously cited work indicating a uniform membrane pressure. 
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Now it is simply a matter of using a solution theory such as an ideal mixture or 
UNIFAC to calculate the activity in the liquid phase and equate it to the membrane 
activity.  From sorption equilibrium experiments such as those in Chapter 4, an equilib-
rium relationship between permeant activity and sorption in the polymer is established 
from which the concentration of permeant in the membrane phase can be predicted.  For 
polymers in the rubbery state, the Flory-Rehner5 equation for crosslinked rubbers is a 
good means of describing the activity / sorption relationship (shown for single component 
and polymer): 
[ ]2/)()()1ln(ln 3/11211 MMMMM Va φφνφχφφ −+++−=  (A.8) 
 
A.2.2 Determination of Diffusion Coefficient 
Now that the equilibrium relationships and concentration driving force are de-
fined, a transport description is needed.  The diffusion theory for hydraulic permeation in 
swollen polymers developed by Paul6 and Ebra-Lima3 has been used to determine the 
diffusivity and hydraulic permeability of toluene in the various polymer materials stud-
ied.  For swollen membranes, it is important to use the proper frame of reference.  In the 
case of the membrane permeability experiments, this is the stationary membrane at 
steady-state flux conditions.  Therefore, the transport model starts out with Fick’s law for 





1111 )( ρ−+=  (A.9) 
Equation A.9 is in the form of a binary system containing the permeating species, 
component 1, and membrane polymer, component M.  Diffusion is considered to occur in 
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only the z dimension, the thickness of the membrane.  The stationary frame of reference 










ρ  (A.10) 
and using an assumption of no volume change on mixing3 yields Eq. A.11, giving flux in 













−==  (A.11) 
1ρ̂  is the pure component 1 density which means that Eq. A.11 is expressed in volumetric 
flux , , introduced in Chapter 6.  The volume fractions, 1n̂ 1φ , in Eq. A.11 of component 1 
are those of the polymer phase.  Integration of A.11 with the limits )0(101 == zφφ  and 



















n  (A.12) 
To be entirely accurate, l is the thickness of the swollen membrane under the dif-
fusion conditions.  If the swelling is assumed to be isotropic, the thickness of the swollen 







=  (A.13) 
where l0 is the freely swollen thickness of the membrane exposed to pure toluene, ld is 
measured thickness of the membrane prior to swelling, and 0Mφ the volume fraction of 
polymer in the freely swollen membrane determined from sorption experiments.  A 
gradient in swelling occurs during diffusion as a result of the concentration gradient 
induced by the difference in feed and permeate pressures.  The thickness of the mem-
 
182
brane cannot be measured under these conditions, but can be determined by constraining 
the area of membrane to be constant and obtaining the following material balance: 
∫=
l
MM dz00 φφ  (A.14) 
which gives upon integration of the concentration profile given by Eq. A.11 and substi-










































= )  (A.16) 
which is a relatively simple relationship predicting that the flux is directly proportional to 
the difference in volume fraction at either surface of the membrane.  Now for a flux 
experiment at a specific pressure drop the diffusivity can be determined using volume 
fractions calculated from the above equilibrium relationships.  If the diffusion coefficient 
is constant, the flux and difference and volume fractions form a linear relationship. 
 
A.2.3 Hydraulic Permeability 
While Eq. A.16 is used to calculate the diffusivity, the complex thermodynamic 
relationship between the sorbed volume fraction and activity does not allow for a direct 
calculation of a permeability that relates flux to driving force (in this case pressure).  
However, a simplified approach can be used to obtain a hydraulic permeability, A0, that is 
a proportionality factor between the flux and applied driving force.  If we assume that the 
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membrane volume fraction varies linearly with activity (a good assumption for low 
sorbing compounds, it but should be tested for linearity in other systems), then from Eq. 


























 is the experimentally measured volumetric flux and  is the hydraulic 
permeability in units of cm2/s.  Because of the small values of the exponential term in this 
work resulting from moderate pressures and molar volumes, the simplification that 1- 
exp(x) → x as x → 0 can give a simplified hydraulic permeability A0 in units of cm2/s-











−′=  (A.19) 
The hydraulic permeability in equation A.18 is an empirical value often reported in 
literature for reverse osmosis and nanofiltration.  It is a convenient way of predicting flux 
of a component through a material at various pressure drops. Because it has not taken into 
account the stationary frame of reference of Eq. A.9, ioiMDA φ≠′0 .  For a prediction of A0 
from solubility and diffusivity values, Paul8 has developed a method utilizing thermody-
namic diffusion coefficients. 
 
A.2.4 Experimental 
To run hydraulic permeation experiments, only one of the reactors in Figure A.2 
is used to supply toluene to the membrane test cell.  One of the permeate outlets of the 
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test cell is connected to a capillary flow meter (0.00 – 0.20 cm3), with the other outlet 
valved off.  A nitrogen pressure head is supplied to the reactor for the driving force and is 
adjusted with a pressure regulator, the pressure drop, )( 0 lppp −=∆ , for the experiment 
is read as the nitrogen supply pressure. 
Polymer films were preswelled before the start of the experiment in liquid tolu-
ene.  It was to important have the film fully immersed in toluene on both the feed and 
permeate sides to prevent failure from swelling-related dimensional changes upon 
exposure to toluene.  Before the start of the experiment, air bubbles on the downstream 
side of the cell were removed by flowing a small amount of toluene through the inverted 
cell before placing it in the system.  To ensure that membrane was fully immersed in 
toluene during the course of a permeation test, the cell remained inverted during the run 
(cell was fed from the bottom).  Once the membrane test cell was attached to the reactor, 
the feed liquid was circulated briefly to ensure full liquid contact on the feed side as well. 
Upon application of nitrogen pressure, the system was allowed to reach steady-
state permeation rates.  Because the films were preswelled, the approach to steady-state 
was observed as a “burst” effect rather than the time lag that is seen in gas permeation 
studies.9  On average, steady-state flow was observed in less than one hour, but at least 
two hours were allowed to pass before the flow rate was recorded for a specific pressure, 
with another measurement performed two hours later to confirm the reading.  With the 
known area of the films (taken to be the area inside the O-ring), fluxes could then be 




A.2.5 Sample Calculation 
Fluxes of toluene through dense films have been measured at various pressures.  
The toluene diffusion coefficients can be calculated from this driving force versus flux 
data using Eq. A.16.  Looking at the variables of the equation, an average dry film 
thickness, ld, can be measured with a micrometer before film preswelling.  From the 
sorption versus activity relationships determined in Chapter 4, values for the volume 
fractions of toluene at the film feed and permeate are calculated for activities determined 
from Eqs. A.5 and A.7, respectively, and assuming no volume change on mixing.3  If the 
diffusion coefficient of toluene in the film remains constant under the various conditions 
tested, the flux should have a linear relationship with the driving force )( 110 lφφ −  accord-
ing to A.16.  Testing this relationship by plotting measured flux versus driving force 
(Figure A.4) and we do indeed have a good linear fit to the data.  An average toluene 
































 = 1.8 x 10-6 cm2/s
1l10 φφ −  
Figure A.4: Sample calculation of toluene diffusivity in annealed Matrimid film 
in a hydraulic permeation experiment.  The volume fraction driving 
force arises from the application of a pressure drop across the film.  
An average toluene diffusivity for the experiments is calculated 
from the slope of this line.  Determination of volume fraction differ-
ences is shown in Table A.1. 
 
 
Table A.1: Example of calculated volume fraction differences for the hydraulic 
permeation of toluene in annealed Matrimid at various pressures. 
 Feed Permeate  
∆p (atm) a10 10φ  a1l 1lφ  1l1o φφ −  
1.7 1 0.3842 0.993 0.3814 0.0028 
3.4 1 0.3842 0.986 0.3787 0.0055 
5.1 1 0.3842 0.979 0.3760 0.0081 




A similar procedure can be followed for the determination of the hydraulic per-
meability (Figure A.5).  The hydraulic permeability is dependent only on the pressure 
driving force; the equilibrium sorption of toluene is inferred in its value.  The hydraulic 
permeability is a good measure of the relative fluxes of various materials because it is 
simply a proportionality factor relating flux to driving force.  The value determined in 
Figure A.5 is  in units of cm2/s, which is the form presented in Chapter 5.  The benefit 
of using this term as opposed to A0 of Eq. A.18 is that it eliminates the nonlinearity 











































Figure A.5: Sample calculation for the hydraulic permeability, , for an an-
nealed Matrimid film.  Fluxes have been measured at various pres-
sure drops, 
0A′
p∆ , across the film.  The linear relationship between 
driving force (abscissa) and flux allows determination of an average 





A.3 Dialysis Measurements 
A.3.1 Theory 
Data analysis and determination of transport parameters in dialysis in this work 
follows the conventional approach for this type of experiment.11,12  Dialysis is the trans-
port of a solute across a membrane separating liquid solutions of different concentration.  
The only driving force in dialysis is the concentration of the two solutions separated by 
the membrane.  Due to the low concentrations of solutes studied in the dialysis experi-
ments of this research, the stationary frame of reference and moving frame of reference 





=  (2.6) 
If it is assumed that the solute partition coefficient, Ki, is constant for the concentration 
range, then a permeability, Pi, can be used to relate the flux of solute i to the concentra-





=  (A.20) 
In the execution of a dialysis experiment, the membrane is initially exposed a feed 
and permeate solution of known concentration.  Permeability is determined through 
measurement of the solute concentration change as a function of time in one of the 
solutions (in the development presented, this is the permeate solute concentration).  
Therefore the concentrations of Eq. A.20 are instantaneous and it is a pseudo steady-state 
description of the flux at time t.  If the volumes of the permeate and feed side are as-









=  (A.21) 













ii  (A.22)  
with v as the liquid volume and the subscripts 0 and l denote quantities for the liquid feed 
and permeate, respectively.   is the known feed concentration of the solute at time t = 
0.  Substitution of Eqs. A.21 and A.22 into Eq. A.20 gives the time dependence of the 































































































Since it is the only unknown, the permeability can be determined by fitting the 
concentration versus time data to Eq. A.24.  Often the initial permeate concentration is 
zero, which can lead to further simplification.  To ensure that the constant volume 
assumption is valid, the permeability experiments have been run over small concentration 
differences in the feed and permeate phases, where the diffused amount of solute is less 
than 0.1% of the volume of the feed and permeate phases.  The film thickness, l0, used in 
the determination of the permeability was taken to be that of the freely swollen film in 
toluene determined by Eq. A.13.  Further details of the experimental procedure are 
provided in the following section (A.3.3). 
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The flux coupling effects discussed in Chapter 6 have been omitted in this treat-
ment of dialysis.  Gross and Heintz12 and Ghoreyshi et al.13 have justified this omission 
through experimental analysis of dialysis of low concentration solutes and subsequent 
analysis using the Maxwell-Stefan transport equations. 
 
A.3.2 Experimental 
Dialysis experiments were run with both Parr reactors connected to the membrane 
test cell as shown in Figure A.2.  Development of the flux equations in Section A.3.1 has 
ignored boundary layer effects.  To ensure that this is a valid approach, pump flow rates 
were set so turbulence would be achieved within the test cell as determined by the 
Reynolds number.  The approximate flow rate for either reactor loop was 100 cm3/min, 
which is well above the minimum flow requirement for turbulence.  Minimization of 
boundary layer resistance was confirmed through observation of fluxes independent of 
increasing flows.  The differential pressure transmitter measured the trans-membrane 
pressure and allowed for minute flow adjustments of either reactor loop to prevent the 
introduction of pressure driving forces for flux.  Reactor impellers were run at a speed of 
400 rpm to ensure uniform concentration throughout each reactor loop.  Isothermal 
conditions were maintained by temperature control for the reactors and membrane test 
cell within ±0.1 °C. 
At the beginning of an experiment, solutions of either 1-dodecene or triphenyl-
phosphine in toluene were prepared and their concentrations confirmed via gas chroma-
tography (GC).  This solution was designated as the “feed” and pure toluene served as the 
permeate.  100 cm3 of each solution was charged into a separate reactor and heated to the 
 
191
experimental temperature of 35 °C.  The time at which the recirculation pumps were 
started and the membrane was exposed to each solution was taken to be t = 0.  The rise in 
solute concentration of the permeate was measured by GC at various times.  The sample 
volume for GC analysis was quite small (<1 µL) relative to the feed and permeate solu-
tions and therefore not accounted for in their final values. 
As in the hydraulic permeability experiments, all films tested were pre-soaked in 
toluene for at least four days to reduce the time to achieve steady-state, which is slowed 
by polymer relaxation when sorbing toluene (Chapter 4).  Preswelling of the films also 
reduced the possibility of film failure due to volume changes of the polymer after expo-
sure to the toluene solutions.  However, extremely careful technique is required when 
handling the swollen films.  
 
A.3.3 Sample Calculation 
A sample calculation for the dialysis of 1-dodecene in solution with toluene 
through a 10% Oligomer 1 blend is shown in Figure A.6.  By plotting the dodecene 
concentration measured via GC versus experiment time, a good fit to Eq. A.24 is ob-
































 = 1.6 x10-8 cm2/s
 
Figure A.6: Dodecene permeate concentration vs. time in dialysis experiment for 
a 10% Oligomer 1 Blend polymer film.  The line shown is a fit of 
Eq. A.24 with dodecene permeability as the adjustable parameter. 
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